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Abstract

A study has been undertaken to attempt to overcome three major problems associated
‘with common unsaturated polyester resins. These problems are the emissions of free
- ‘styrene, high flammability and the emission-of thick black smoke during combustion.
A novel cross-linking monomer, containing two allyloxy substituents and - one
.diethylamino substituent, has been synthesised and purified in a two stage reaction
" using cyanuric chloride as the starting material. This new monomer contains five
nitrogen atoms in an attempt to reduce smoke evolution and has a low volatility to
_ reduce volatlle organlc emlssmns

o It was found that. this monomer was totally miscible with all resin types, based on._..._....

both aromatic and aliphatic alkyds, and produced a degree of cross-linking in excess
of 95% when cured with dicumy! peroxide at 90°C for 16 hrs and then 140°C for 3
hours.

- Combustion tests showed that the new resins produced considerably less smoke than
 the: styrenated resins, show higher LOI values, i.e. require a higher percentage of
‘oxygen to sustain combustion, and a lower surface spread of flame. These improved

combustion properties are a direct result of the improved charring characteristics of
“the resins caused by the incorporation of the triazine monomer. It has been shown, .
however, ‘that normal fire retardant phosphorus additives used in unsaturated-
polyester resins (UPRs) have little or no effect in the triazine resins and do not show

any synergism with the nitrogen atoms in the new monomer. As a result of this, at

high additive loading levels, the combustion behaviour improvements shown by the
triazine resins over the styrenated resins are drastically reduced. It has also been
shown that the triazine resins have a very high burning rate.

The lack of phosphorus activity in the triazine resins has been shown to be caused by
these resins thermally decomposing at low temperatures where the phosphorus is not
active. This low decomposition temperature also leads to rapid decomposition and
thus a high burning rate. The lack of synergism might be caused by the tertiary amine
substituent being too stable towards interaction with the phosphorus additives; a
primary amine might be more suitable.

Mechanical studies have shown the new resin to be brittle in comparison to the

styrenated resins but that it has 1ncreased Barcol hardness values, heat distortion
temperature and flexural modulus.
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10 n‘ltr\bdﬁéﬁon‘

11 lrltrod'uCtlon to 'llolymer.s N

Tlre word polymer comee frorn the Greek poly va‘nd meros rrreamrlg many and parrs
,respectxyely Polymers are also oﬁerr referred to as macronrolecules which 51mply
means large molecule | Polymers can occur naturally in nature in forms such as

proteins, wool or cellulose. They can also be made synthetrcally in the laboratory

““One of the first artifi c1al polymers produced was a thermoplastlc celluloid - whrchw T

was synthesised in the 1860s by Parkes and Hyatt(1). Therrnoplastics consist of two-
dimensional molecules which may be sof_tc'ned and melted by heat and then cooled to
return to their original state. They’a‘lre also soluble in various organic solyents.
Examples of these include poly(vinyl chloride) | (l’VC) and ’poly(ethy_lene
terephthalate) (PET). | o o

The other class of polymers is the thermosets. These _arethree dimensional network
~ polymers which do not melt under heating end are vrrtually msoluble in arly solyents.

Examples of these types of polymers include unsaturated polyesters and epoxy resins.

1.2 Introduction to Polyesters
Polyesters are formed via a condensation reaction between a diacid and a diol to leave
a polymeric chain containing ester linkages. There are three main types of polyesters.

| "Afhese are thermoplastic polyesters, glyptals and alkyds.



1.2.‘1W’Vl“he’rrnoplastic Polyesters -

Thermoplastrc polyesters are used in the formation of ﬁbres and food packagmg
aterlals The most commonly produced thermoplastrc polyester is poly(ethylene :
terephthalate) (F1g 1). In 1992 the annual production of PET in the United States

alone was 1.5 million tonnes (1).

nCH3——O—ICIIﬁ—O—CH3 + nHO(CHo)ZOH
o) RIS I

Dimethy! Terephthalate “ " Ethylene Glycol

CHONa [A

CH; o-|c|:l<'|:—4ocHZCH2 ~OH + (2n-1)CH:OH | -
0 0 o

] »

| Poly (ethylene terephthalate)

Fig. 1: Synthesis and structure of PET.

1 2 2 Glyptal Polyesters

These polyesters come under the thermosettmg .class of polvmers and were ﬁrst
synthes1sed in 1901 by heating glycerol wrth phthahc anhydnde As the secondary
‘hydroxyl group in 01ycerol is less reactrve than both of the tennmal primary hydroxyl
’.gfoups the ﬁrst product formed from this reactlon is a lrnear polymer (Fig. 2).
| "Further heatmg then activates the secondary hvdroxyl group Wthh reacts further with

_t.h?_,Phthah(_‘: anhydride to form a cross-linked polymer (Flg. 2).



CH,OH

s 0 L :H -——>_(2n_¥)qu, OCHT—JC;-CHZO_H C—{OH

R s
Phthalic anhydride Glycerol

Fig. 2: Formation of crosslinked glyptal polyesters.

.'1".2.3 'Alkyd Polyesters

~ Tlﬁs sub-grbup of bolyesiers is often referred to as unsaturated polyesters. This is
because of the unsaturation in the backbone of the polymer. This polyester is formed
via a condensation reaction between a diol, a saturated or an aromatic dibasic
acéd/anhYdﬁde and an unsaturated dibasic acid/anhydride (Fig. 3). The polymer
fo\rmed\:from the condensation reaction is a glassy solid at room temperature and is
' di?SQlVﬁd in a cross-linking monomer, typica}ly styrene, to form an unsaturated

* Polyester resin, which is a viscous liquid at room temperature.

[ 73]



n HOCHRCHOH  + 121 c\' A
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Phthalic anhydride Propylene glycol Maleic anhydride

5 OH + @D |

H\
- OCH,CHO— lcl/
AR

o

Fig. 3: Formation of unsaturated polyesters (Alkyds)

It is these unsaturated polyesters that are of 1mp0rtance in this prOJect and so they will

be dlscussed 1n more detail.

1.3 Unsaturated Polyesters - Production and uses’

The first unsaturated polyester was produced by Vorlander in 1894 (2). This was a
condensation product from a glycol and maleic anhydride. A well defined and
Teproducible method for the production of unsaturated polyesters was not available

~until Carothers established a synthetic method whereby the reagents were reacted



under nitrogen to produce the condensation polymer (3). It was-found that, although
“this new polymer could be cross-linked on its own, the cross-linking process was
faster when the unsaturated polyester was dissolved in a polymerisable monomer,

i Thlsmonomer was initially viny_l acetate (4). ThJS Wasflété_f supérséjdéciliby st}?fe_f@Q: o ﬂ

131 Isomerisation and Cross-linking in Unsaturated ?Qlyéstcr 'R:e‘s'ihs

o A’k’sb"s‘hQWn in Fig. 3 one major structural chan:gei is F‘Obse'rye‘d;du"ring the SyritheSis of an R

unsaturated polyester. - This change is the isomerisation of the cis maleate monomer
toa trans fumarate unit. This observation has been well documented and shown to be
the key factor in the excellent reactivity and physical properties shown by maleate
based polyesters (5 - 8). The importance of this isome_p'sation is that styrene ‘has-a
better reactivity ratio to fumarate unsaturation ‘than td maleate unsaturation. The
reason why maleic anhydride is used rathgr than .a- monomer with fumarate
unsaturation.is that it does fsomerise and is cheaper than fumarate based monomers.
Obviously then, the extent of isomerisation is important in determining the physical
i}roperties of the cured resin. If less isomerisation occurs then fewer reactive sites o.f
unsaturation will be available for cross-linking with styrene. If this is the case then
there will be fewer cross-link bridges in the cured resin which will, consequently, be
. 1ess rigid. Many methods have been employed to study the isomerisation process (5,
8,"9) and these have shown that the trend is that the more sterically hindered the

glycol, the more isomerisation to fumarate that occurs (Table 1).



. Monomers Resin Composition (monomers present)

T 14- X X

Cyclohexanedimethanol

Diethylene glycol | T Ix T < X
‘Neopentyl glycol | e X 1. X <1

. Ethylene glycol ‘ X X X

1,2-Propylene glycol | X X

<

2,2,4-Trimethyl-1,3-
~ pentanediol

Maleicanhydride | X | X | X | X | XX | X |[X | X
_ Isophthalicacid | X | X | X | X | X |

Phthalic anhydride . , v : XIX[|X|X

N eI

% Fumarate 95196 | 71172 | 65|94 | 84 | 85 | 82 93 [ 75150 [ 50

A
ra

Table 1: Isomerisation of maleate to fumarate for different resin compositions (6). ;

Once the mohomers have been pélymerised to give the unsaturated polyester alkyd
with fumarate unsaturation, the polymer is dissolved in the crosslinking monomer,
this is typically styrene.. ‘The resin is now ready to be cured. T}Cm'ing bf a\pol‘ye‘stér
%esi‘n is an addition co-polymerisation between the styrene and the alkyd The curing
é)rocess and the resultant three dimensional matrix have been eXtens_iQely studied (10 -
21). This co-polymerisation requires a free-radical initiator to provide reactive -ﬁée
Tadicals which initiate the free radical cross-linki‘r;g process. Typical im'tiators are
organic peroxides or hydroperoxides, such as methyl ethyl ketone peroxide, although
-other materials such as azonitn'les_ may be used (22).

The. initiation process can occur in two different ways. The ﬁ;st of these is the

thermal degradation of the initiator to produce the free radicals. This process,

‘however, is,sometimes slow so a catalyst is often used_ to speedvup the process. In the

Case of the styrene based systems the catalyst is a cobalt salt (often cobalt naphthenate




‘or cobalt octanoate).  The ‘co-polymerisation occurs ‘according to the following

‘reaction scheme (10) (Fig. 4). -

1) RO—OR + o) BB o po. & OR® + ot

T . meaa

0
o K

o

Fig. 4: Curing mechanism in unsaturated polyester resins.

Once cured the polyester resin has extremely good physical and chemical properties,
Which;facilitate its use in many various areas of life. Use of polyesters, commercially,
has grown rapidly since their first use in making aircraft radomes in the second world
war (23). Table 2 shows the growth of unsaturated polyester consumption in the USA

(24 - 26). Polyesters are used in a diverse number of areas from boat hulls, car

| Take activated styrene molecule to be R - e -



frames, ornamental baths, insulation for electrical wires to armament applications or

high durability coatings (27 - 36).

Total UPR Consumption in the USA (1000 tonnes) -

Year : 1966 - | 1979 .- 1984

- Consumption - - 205 - p 0 515 - o 564

Table 2: Growth of Unsaturated Polyester consumption in the USA

The reason for this large diversﬁy of uses for unsaturated polyester resins is their
structural flexibility. By changing the polymer backbone, the cross-linking monomer
or by co-polymerising with other polymers a great deal of physical properties, such as
higher;,xthermal stability, electrical qonductivity, increased flexibility and -flame
retardance (37 - 48) can be achieved. . This hasf_ included the use of pross-{linking
monomers such as diallyl phthalate, diallyl isophthalate, triallyl trimellitate, vinyl
pIOpiqnate, triallyl cyanurate, vinyl toluene, chlorostyrene, acrylonitrile, trially_l
isocyanurate, N-vinyl pyrrolidinone and zinc acrylate (49 - 63), all of which lend
differjng physical and mechanical properties to the final cured resins.

DQSpite being so versatile and so widely used, unsaturated polyester resins are far
from perfect. They suffer from two major disadvantages. The first of these is the
presence of styrene in the vast majority of the resins. Total exposure to styrene in the
Woyrkplac’ephés been a problem for many years and recent legislation throughout the
world has drastically reduced the legal total exposure to styrene in the workplace. In
Gerrhany, for examplé, the total exposure has been reduced from 100ppm to 20ppm

(64). Tn the UK the maximum exposure limit is 100ppm with a self imposed




restriction of SOppm in place. As a result of this there-has been a large increase in
resgarch into- unsaturated polyester resins with low styrene emissions. - The ‘second
problem, and perhaps the most important, is the ease of flammability of unsaturated
polyesters and the excessively large amounts ‘of thick, black, toxic smoke evolved on
burning. This is a rﬁajor problem when"one -considers thatvpvractically' all of a-
polyester is consumed during a large scale fire (65) and that the greatest factor leading

to deaths in a fire is not the flames but the smoke (66 - 68). -

1.4 . Unsaturated Polyester Resins with Low Styrene Emissions -

As has been previously mentioned the emission of styrene from unsaturated polyester
resins‘in. the work place is an area of concern. There has, therefore, been-a-large
amount of research into the reduction of styrene emissions. This research has taken
* the form of two distinctly different approaches. The first, and arguably the quickest
and most cost-effective method, is the use of additives to suppress the emission of
styrene.” - The second method has centred around actually reducing the amount of
styrene used in the unsaturated polyester resin. This method relies on the chemical

modification of either the polymer backbone or the cross-linking monomer itself.

1.4.1 Suppression of styrene emissions using additives
One major area of interest in this field has been the addition of paraffin type waxes, in
qua_ntities ranging from 0.001 - 7 phr (parts per hundred parts of resin), to the styrene-

‘gontaining polyester (69 - 74). The paraffin waxes possess _a‘lo_wer density than the‘



polyester:resin so they have the tendency, on curing, to rise to the surface of the
polymer and form a thin, impenetrable film.- This film prevents volatilisation. of the
styrene from the unsaturated polyester. - Another advantage of this film is that it
prevents oxygen inhibition of the free radical curing process. On their own, however,
the parafﬁn waxes were not entrrely of much effectrve use because they tended to
reduce the ‘a.dhesron propertles of the polymer ‘To remedy thls adhesron promoters
(O 5 - 10 phr) were added to the resins to increase the adhes1on of the polymers
These promoters usually took the form of low molecular yverght polymers such as
poly(butyl acrylate) (69) or the co-polymensatlon products obtalned from the reactron
between partlal esters obtamed from the react1on between alcoholsvand drr‘arboxylrc
acrdsﬁ and ep0‘<y compounds (72) Other promoters were synthe51sed from C16 fatty
alcohols malerc anhydrrde and epOXY resins (71) or C5 - 30 fatty ac1ds and mono- orr
d1epox1des (70).

Poly(butyl acrylatej was not totally miscibleu/‘ithl styrene band so‘ separation occurred
lessenmg the effectiveness of the promoter (69) In thrs case non-romd surfactants or
further add1t1ves based on polyethylene glycol maleate - styrene copolymers were
added The use of a copper salt cure catalyst and alpha methylstyrene was also
1nvest1gated in these systems (70) It was found that these reduced the maximum cure
eaotherm The effect of this is to produce less heat durmg the curmg process and so
reduce heat induced styrene evaporation. |

hnother additive method of reducing styren.e emissions not .relyi‘ngl on the use of
parafﬁn waxes, was patented by the Standard Orl Co USA (74) In this case the
addmves were based on m- 1sopropenyl dlmethylbenzyl 1socyanate terrnmated

ethylene oxide-propylene oxide block copolymers (0.5 - 5.0 phr). This additive

10



worked in much the same way as the paraffin waxes in that it formed a thin,
impenetrable layer on the surface of the polymer. This invention, though, did not

suffer from the drawbacks of reduced adhesive propertieé.. !

V1.4.»2v | Reduction df styrene emlssidne by stnnetu_ral ehanges |

Thls method of reducmg’ styrene‘ em1551ene ls regarded as betng tnote d1fﬁcnlt to
aclneve than the use of add1t1ves because when a phlymet is changed structurally, its -
rnechamcal and phy51cal properties are alteretl in an unpredlctable way This
alterat1on when compered to the encellent phyexcal and mechamcal properties of
étyrene-hased polyester'si,r is alrnest élweys detrlrnentel. ‘A greeter.‘anlount of -reeea’rch
“and’ development is, therefore, needed to preduce a n(')vel. strdcture with sound ‘
properties. | _-

iOne ,ebvious solution to the reduction of etyrene emissions was to reduce the amount
of styrene present in the resins themselves. The difficulty with this was the
subsequent drastic increase in resin viscosity leading to processing difficulties. BASF
AG (75) patented an invention based on dihydrodicyclopentadiene terminated
polyester resin having low molecular weights. As the resin-was of a lower molecular.
weight it was a viscous liquid. Added to this, there were fewer cross-link sites on the
polymer backbone facilitating the use of less styrene (1 - 30% compared to >35% for
ordinary resins) to give an excellent degree of cure without the resultant reduction in
the ease of processability. One problem with this solution, however, was the loss of

£ood: mechanical properties of the new resin. ~ This was remedied by ‘adding the

11



reaction products obtained by reacting = hydroxyalkyl: (meéth)acrylates with
diisocyanates.

- Other developments have revolved around the removal. of styrene totally from the
.resins.: ‘These have mainly centred on the use of modified polyester backbones and
- derivatives ‘of acrylates as the cross-linking monomer (76:-.79). - Aristech Chemical
;Corp.', USA (76, 77) patented a modiﬁed‘polyestér., comprised of maleic anhydride,
phthahc anhydnde ‘various glycols and - dlcyclopentadlene a diacrylate‘f or
- dimethacrylate of alkoxylated bisphenol A (as the cross-linking monomer) (Flg 5)

and ethylene glycol dimethac'rylate; as a low styrene emitting resin. ~ =

et O LI

mandn=1-10
Ry and Ry =Hor CH;

Fig. 5: Novel cross-linking monomer used in low styrene emission polyester resin.

This resin; éontaining no styrene and having a/‘cross-linking rr;onomer with a very low
volatility showed extremely low organic emissions.

A Genﬂan invention (78) detailS‘th’e’production of a low molecular weight polyester
(tYPiCali’ weight 500 - 1500) with acrylate or methacrylate end;groups. This was
achievéd by reacting a saturated diacid with a glycol and then endcapping the
‘tesultant polymer with methacrylic or acrylic acid to give unsaturation in the polymer

backbone (F ig. 6.). The acrylate end-groups were used rather than maleic acid end-
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groups to -facilitate the 'replacemeﬁt' of styrene -with methacrylate cfessflinking.
monomers .such as 2-ethylhexylmethacrylate - or | N,N-dimethylaminemethyl-e
methacrylate. As-before, this invention contained no styrene. . The cross-linking’
monomer was again a compound of low volatility »which showed little tendency to
evaporate during storage or cure. One patent describes the use of novel eross-linking
monomers w1thout any structural changes to the polyester backbone (79). In this case

the cross-hnkmg monomer was a member of the acetoacetoxyalkyl (meth)acrylates

(Flg 7.
2 m—f—m + BOOQGRHOH . — OleIHzO—ﬁI )4"
853 | 85 n
Neopentyl glycol | Adipic acid
e ‘ . Acrylic acid
Jop L
H==HC A0 ﬁ(ﬂ@ﬁ O—QH=CH,
& 0 n-.;

Fig. 6: Reaction scheme for the production of acrylate terminated polyesters.

0 0
I} Il

c1{3————c—crm—c-—-o—4}1——(13}1——o—é——c:crx2
R, ~ CH;

Ryand R, =H or CH,

Fig. 7: Structure of aeetoacetoxyalkyl (meth)acrylates



These inventions all claim to reduce the styrene emissions.from unsaturated polyester
resins but they do not alleviate the problem of combustion and smoke production.
Thisis ‘a completely separate area of .research and.as such will be. discussed

separately.

1.5  Fire Retardation and Smoke suppression

1.5.1 Introduction to Fire retardation
Frre retardatron dates back many years with the first reference to fire retardants for

wood datmg back to 1905 (80) Slnce then there have been thousands of papers
relating to ﬁre retardation in polymers -and naturally occumnt7 materials. It hae
‘become clear- that fire retardation centres around a core of elements which appear
: jfrequently in fire retardant formulations. These elements are P, N, Sb, Al, Cl ;'Br and

-B. There are other elements which have u_/s’eful fire retardant properties such as Sn,
* .Fe, Zn, Mo and Mg but they are not so ﬂwidely ﬁsedr_ Before the. mechanisms of fire

retardancy for individual elernenté can be discussed, hoWever, it is vital that the

- fundamentals of fire and cembustion are fully understood.

152 Fire and Combustion - The principles

v‘The ckombustion of polymers is a very complicated process which varies frbm
POIYmer to polymer and depends entirely on the structure of the polymer and the
" combustion conditions. This process, however, .can be discussed in general terms. In

““general the combustion of a polymer can be considered on three distinct scales:
“micro, macro and mass (81). Micro scale combustion considers only a single polymer
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molecule, macro scale.;elates to 1 gram of material and mass scale discusses the
:c‘;ombus‘t:i‘onydf“’ a mliy furnished room. It is ogyidgsly not economically feasible to
eonstantlsl ca@ out cc’)m;bukst'iqu\l rgsgarch on an entire room full of polymeric
' maf.eriéls, c.(;r;yersely ltIS aiso hot always a:‘§_ir_r).1pl¢ matter to study the combustion
"b‘ehaviokur ;of a single‘ molecule. Most re;search is, ﬂ’le‘refore, carried out on the macro
scale. | |

1.5.2.1 The Burning Cycle -~ S PN T T

For any material to burn 'th—reé qorriponehts are alvs;iays' yjés.s-ent'iél. These éfe tﬂé fuel, a

heat source and oxygen (Fig. 8). This is called the Fire Tﬁénglé’

OXYGEN

Fig. 8: The Fire Triangle

If any one of these three components is deficient to any extent then no combustion
- will take place. The process of combustion itself is-essentially a four stage, self-
accelerating process (82 - 84). The stages are as follows:

15



1) | Transfer of heat to the polyrne'r’surt'ace‘ :

2} o Thermal degradatron and decomposrtron of the polymer to g1ve volatrle and

H kreacltlve specres (fuel productlon) | |

35 | ViExvothermlc ox1datlon of the decomposmon products (combustron) resultmg in
the productron of hght and heat as byfproducts. |

4)‘ Transfer of the result}ant heat back to thekPOIy"Iner"sui;fééé:_» S

~ As has been stated, when a polymeric material is subjected to an external heat source .. ...

it begins to therrnally. degrade. Thls results rn themelwi:rni’natllon. of gaseous products.
This loss of gaseous products rs, of course, not an instantaneo_us Voccurren»ce and
oczurs in several stages, uvhio_h are temperature dependent. At tower'tem‘perature:s of
around 100 - 250°C only very low energy reactions will occur. This ineludes the loss
of functional groups, condensation and-"dehydro-haIAogenation. This renders the
carbon skeleton of the polymer increasingly more unsaturated and conjugated but
essentially still intact (85). |

At the higher end of this temperature range\_there is enough eneréf for_‘ indiyidual
bond_s tobe broken. The order of this bond scission is dependent on the respective

bond energies. Some bond energies of typical components found in polymers are

given in Table 3 (86).

T:Bond Energy (kJmol™") Bond Energy (kJmol ™)

C-1I 192 N-H 385

C-Br 226 " C-H 410

-C-N 247 H-H 431

C-Ci 326 O-H 460

. C-C 335 0=0 494

C-0 335 C=C 607

Table 3: Mean bond energies of typical components found in polymers
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At temperatures between 250 -'500°C the polymer dec'omposes.'further te'bfocfuee tar,
gas and char. This is essentially a disproportionatioﬁ reaction which yields hydrogen-
rich and hydrogen-poor- fragments, the char being poor in hydrogen and containing
mainly an unsaturateéi carbon chain. At these temperatures ei{en the strongest bonds
are broken, resulting in three_poseible oﬁtcomeé: ‘ o |

1)  Unzipping of the polymer chain itself yieldiné ﬂva'fn'méble monomers,

e.g. PMMA
CH; (|:H3
, CH -
mC—-CHz-—(II-:-CHZWa A [ fH3
s C o+ . O
CHO—C CHO—C T o CH Cle
I} CO,CH; CO,CH,

2)  Random elimination of small chemical fragments

e g. ‘prIy (ethylene)

. CH3<<;CH2CH2‘>‘CH3 —_— CH2=CH2 + CH3CH3 + CH3CH =CH2_ .
n o ’ A

3) Cornbination of both 1 and 2

Th‘? _products from all three of these combinations can sustain the vcombulstion
r?;;Ctiqns. Above 500°C the char becomes increasingly more condensed. The
fﬁﬁul?am secondary char is extremely insulating and acts as a barrier protecting the
polymer surface from the flame.

As the polymer sequentially degrades the gaseous products are exothermically

oxidised by atmospheric oxygen. This is a very complex series of reactions. The



complexity of this can be highlighted by the number of reactions which take plak;q in

a simple methane flame (Fig. 9)(82,87).

CHs+ OH: === CHj;- + H,0
CHy+H - === CH;- + H,
CHs+ O === CH;- + OH-
| CHy+ O === HCHO + OH:
"HCHO + OH-=—= HCO-+ H,0

HCO- + OH === CO + H0
CO + Ofr === CO;+ H
]

O -i—. H2 ‘ OH.+;H.

Fig. 9: Some of the reactions taking place in a méthane - oxygen flame

It rhust, ho\\zveVer, be stressed that this séries of reactions by 1o rﬁearis represent the
rééctibns that occur when a polymeric system burns. Theée féactibns were obtained
from a pre-mixed flame with an excess of oxygen. The combustibﬂ 6f polymers, on
the other hand, proceeds with an oxygen deficient flame. It has been suggested that,
in polymeric systems, important oxidation reactions actually occur at the polymer
éljiface (88‘,‘879) which contributé tb tile ove’r-all flammability of the polymer.

G:i\'/en a schematic representaﬁon of the combustion process (Fig. 10), it can be seen
thét for a combustion process to be cyclic and self-sustaining the heat feed-back from
v"t'he ‘éombustion must be enough to décompose the polymer further, i.e. Q; mﬁst be

equal to if not more than Q,.
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POLYMER -—— PRODUCTS

‘Qx»

+Q

FEED BACK OF HEAT

- PYROLYSIS THERMAL DECOMPOSITION _ 'GNITION |

COMBUSTION
PRODUCTS

Fig. 10: Schematic representation of the burning cycle

As can be seen from the diagram Q; is endothermic, i.e. it requires and takes in heat -

and Q, is exothermic, i.e. it emits heat. For a polymer to be flame resistant it would

need to have a high Q value and a low Q, value. In this case the heat being returned

o the polymer surface from the combustion would not be‘ehough to de‘grade the

'polymer. If, on the other hand, the polymer has 2 low Ql value and a higﬁ Qz value it

will be extremely flammable. For a polymer to be rendered fire retardant this burning

cyéle' must be modified in such a Wéy that combustion cannot take place. i

153 Modification of the Burning Cycle

The incorporation of flame retardancy into a polymer can be achieved in many ways.

All of theéé methods have one thing in cdrrimon, hoWever, in that they all modify the

magnitude of Q, and Q., as described above, i.e. modification of the fuel production

or interference with the flaming combustion process.
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1.5.3.1 Interference with the Fuel Production Stage

The alteration of fuel production can be achieved in one of two possible ways. These
are physical, where the rate at which the polymer receives heat is- altered; and

chemical, where the résponse of the polymer to the heat source is altered.

1.5.3.1.1 Physical Mechanisms

The rate at which the ‘polymer receives heat from the external fuel source can be
reduced by “additives which change the " thermal conductivity of the polymer
formulation. This is achieved by more effective heat dissipation throughout the bulk
of the polymer. The effect of this is to drastically increase the amount of time taken
to'reach a temperature at which the polymer decomposes. Additives that'absorb and

remove heat by melting or evaporation are known as transpirational coolants.

1.5.3.1.2 Chemical interference

A fire retardant which chemically affects the fuel production in a polymer can act in
one of two ways. The first way is to proinofe the formation of a non-flammable char
and to reduce the amount of flammable gases that are produced during the
degradation process. The production of the char barrier is useful in several ways.
Firstly, a char reduces the amount of fuel that it available for decomposition.
Sécondly,’ it acts as a thermal barrier for the polymer and so prevenis further

degradation and finally it can act as a heat sink by radiating excess heat away from
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the ‘polymer surface. In this case then the value of Q,, as described earlier, is
increased and the vaiue of Q, is decreésed, B

}Th,e second way in which a chemi_c;al;m/odiﬁcation can occur is tb,inc;ease the rate of
fuel production. - In this case the fuetlr_.‘_ is produced at lower temperatures where a

flammable fuel/air mixture is never reached. .- ..

1.5.3.2 Modification of the Combustion Stage

Flaming combustion is essentialiy;an:oxidation reaction between atmospheric oxygen
and reactive free radicals produced from the degrading polymer. Interference with
this-process should, then, be a case of producing free radical traps which inhibit;tbis
reaction. - An additive that breaks down during the decompositien process to produce

free radicals that compete with reactive free radicals to produce less energetic radicals

than the existing H', OH', and O, would act as a flame inhibitor. This process, called

“poisoning”, reduces the amount of heat radiated back to the surface of the polymer
by reducing the number of exothermic reactions taking place in the flame.
It has been reported, that in hydrocarbon flames, some ionisation reactions occur

(90,91). These have been theorised to be:

+

H -+ 60 ——> CH5; O +e-

These,only occur in very small quantities, however, and any fire retardant desigped to

specifically inhibit these ionisation reactions would be of little practical use.



1.5.4 Fire Retardants - Types and Mode of Action =

There are several words related to how fire retardants are incorporated irito & 'p'olymé}f’
system, where they affect the burning cyclé and how they‘o‘I.jékrate."’ " These words are
additive and reactive for how they are incorporated, condensed phase action or vapour
phaﬁseﬁ“ action, for where they act and finally “additively, Synéfgiéfiéélly and

éritagohi'sticalyly, for how they act."

1.5.4.1 Additive vs Reactive Flz;me Retardants

An additive flame retardant is a compound which is merely blended into the polymer
itself (92). Such a flame retardant would be something like hydrated aluminium (I)
oxide “(AL;Os.3H;0) of triethyl phosphate ((CH;CH,O);P(O)). When a flame
retardant is reactive it has been chemically incorporated into the actual structure of
the polymer. This can be achieved by backbone ‘modification or cross-linking

monomer modification. Examples of this are shown in Fig. 11

Fig. 11: Examples of reactive flame retardants. A) Chlorendic acid anhydride B)

HET acid ester.



Structure a) is used in place of phthalic anhydride and b) is used rather than styrene.
As can be expected both types of flame retardants have drawbacks. In the case of
additive flame retardanté thej; have the tendencyover a beﬁod of time, to leach from
the polymer resulting in a. reduction of the fire retardant effect. Reactive flame
retardants do not leach from the p(;lyrner as tﬁey are an integral part of the network.
They are, unfortunately, expensive to synthesise and also a great deal more research is

needed to ensure that there is no resultant loss of physical and mechanical properties.

1.5.4.2 Vapour Phase vs Condensed Phase action

Fire retardants act in the condensedbphase by altering the thermal decomposition of
thé pdlymér fo pfomo't’e”char forﬁiafion'ﬂ or increase the decomposition rate at lower
fetnpéfatur’es. This has the effect of reducing the amount of fuel available for-
combustion. In the vapour phase the fire retardants act by trapping the reactive free
radicals that are produced by the thermal decomposition procéss. This has the effect
of inhibiting flaming combustion. It is, however, extremely rare that a fire retardant
acts solely in one phase without affecting the other. It is difficult to decide which
phase the retardant actually acts in. Hastie has summarised the macroécopic criteria

for defining a gas phase or condensed phase mode of action (93).

Gas Phase: Loss of retardant element from substrate
Insensitivity to structure
Sensitivity to oxidant

No change in composition of volatiles



Condensed Phase: . -Enhanced char formation - -
Retention of retardant element in substrate .
Retardant element meffectWe in gas phase '4
Sensitivity to structure of polymer '
. Insensitive to oxidant

- Change in volatile pyrolysis products L

Despite these definitions deciding where a fire retardant element operates is not a

 simple matter. The difficulties associatéd with this will be discussed in section 1.5.5

along with the individual elements used as fire retardants.

-1.'5'4‘3. Addiriw{ity, Synergism and Antagonism

These three phenomena only occur wllen two.or more fire retardant elements are used
in conjunction. An additive fire retardant effect is the sum of the individual effects of
the elernents when taken independently. A synergistic effect is when the two
elements: combine together to give a fire retardant effect which is greater than the
additive effect, assuming the same amounts of fire retardant elements are present. An
antagonistic effect is when the effect produced is less than the additive effect.
Obviously the most desirable effect is synergism. Ina synergistic system less ef ‘the
respective elements can be used to confer a specific fire retardant effect on the
polymer. The actions of individual elements will be discussed later but synergism in
general will be discussed in more detail here.

In ‘determining whether or not two fire retardant elelnents'are synergistic, it is

necessary to study the effects of the individual elements. First a concentration -
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response curve is drawn for each element. ThlS can be achieved by taking the oxygen
index (O.1) value for eaCh‘éiéinént af'vat;iou.'s"‘coﬁée'ritr'atjion. levels and drawing a
graph. - The O.L value of a burning polymer is obtained by burning the ‘polymer in a
* known mixture of nitrogen and oxygen. The O.L value is taken to be the percentage
of oxygen at which the polymer is self-extinguishing after 3 minutes, as the fraction

of the total amount of nitrogen and oxygen present (Equation 1)

’"_~"[Oz] .
1= 10,1v)

Equation 1: Calculation of O.L value

From: the tconcentration - response curve an algebraic function describing the fire
retardant effect of the element is derived. The algebraic functions are then summed
to"give the effect as described by an additive system. This is then compared to the
actual experimental effect obtained when the two elements are used‘in-conjunction
with each other.

Take, for example, two fire retardant clements A and B. When taken individually the
concentration - response curves show the flame retardant effects of the elements X,A
and Xy to be the functions F(A) and F(B). The additive flame retardant effect X, 5 is

then calculated as:

Xap=F(A) + F(B)

If the theoretical response, as calculated by the above equation,.do_es not match the
Tesponse as shown experimentally by the action of the two elements together then a

third term is needed to compensate for this discrepancy:

25



Xap=F(A)+F(B) £S5

If this third term is positive then the effect is greater than the additive effect and the
elements can be considered as synergistic. . If, on the other hand, the third term is
negative then the elements are antagonistic. -~ - .

Unfortunately this concept is not as straight forward as it seems. A phenomenon
called pseudo-synergism has been described (94). When this occurs it is possi_ble-tp
demonstrate a synergistic interaction BetAvrs'/’ewén., two. élemenfg when no such éffe'c;"
occurs..

Lyons (95) reported a- synergistic effect between phosphorus and bromine. - In his
review he took literature values given for the fire retardant effect of bromine and
phospliorus when used individually. He then assumed that the concentration -
response relationship was linear. From this he calculated the additive effect of the
two elements when used together, assuming no synergistic interaction. This
theoretical additive effect was then compared to the actual amounts needed as derived
experimentally. |

From his work with acrylic polymers he found that 5% phosphorus or 16% bromine
was needed to impart fire retardant properties to the polymer, when used individually.
Assuming a purely additive effect he used the following formulavrto calculate the
amount of Br, when used with 1% phosphorus, needed to impart the s"ame level of fire

retardation as 5% P or 16% Br, when used alone:

I Mp = Mp, y
Tp,y = Ty —(Mp,.x) A; =—> M, Iy

P




Where: . - Mp = Level of P alone for fire retardant properties: ...
‘Tx = Level of Br alone for fire retardant properties
Mpix = Level_of P in mixed system needed for fire retardant properties

Tp+x = Level of Br in mixed system needed for fire retardant properties

Using this equation he calculated that 12% Br would be needed, in an additive
Vsysterm; -with 1% P presént. The héc‘;ual érn‘(;ur-lt,mfou/r’lr(‘i experxmentally, was
determined to be 3%. Lyons, therefore, deduced that synergism was taking place.
Weil criticised this deduction because it was based on the assumption that the

-concentration - curve was linear. In most cases the response is actually a diminishing

slope (Fig. 12)

Oxygen Index

P

Concentration of flame retardant’

Fig. 12: Normal concentration - response curve for fire retardant elements
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From his own studies on the bromine - phosphorus interactions in acrylates, Weil
found that the best algebraic function to describé the individual fire retardant effects

of the elements was in fact a half power relationship:

0'1'(Ob;engd‘) = K‘chg's '*'(01)0 B
0‘]‘(0bserved) = KBerg;'s + (01)0

Where; K:= A constant"
" C = Concentration of the element

(0.I), = O.IL value for untreated polymer

Using these equations, Weil postulated that if an additive effect were in operation and
1% phosphorus were used then the effect of this.1% P together with a certain amount
of additive Br should have the same fire retardant effect as 16% Br, as stated by

Lyons (Equation 2)

.0 +&,,(C,)% = £,,16%]

Equation 2: Calculation of the amount of Br needed for an additive effect -

By dividing this equation through by the constant Kg, and rearranging Weil came up

with the following formula:

K, .
C 0.3 - 4

r.

From the following equation Weil calculated Kp/Kg, to be 1.78. In this equation he

assumes that 5% P has the same fire retardant effect as 16% Br.
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e .,0-5 g o‘sv KP 4
‘(K,,(S) = K, (16)' )5(75;:2.7)

Therefore Cg, = (4 -1.78)* =4.9. -
Weil’s results, then,‘also indicated that there was.so,me.‘sy’ne’rgism because in practice
only 3% Br was needed rather than the calculated 4.9%. ,Tltle extent of the synergism

however, was not as great as Lyons reported.

Having now discussed the ﬁlndameritals of combustion and the ways in which it can
be prevented, it is perhé.ps }p.rudent‘ to talk about the elements which confer flame

retardancy onto a polymer and their modes of action.-

1.5.5 Flame Retardant Elements and their Modes to'f Action

As has been previously mentioned there are seven elefhents that are frequently named
in fire retardant formulations. These are Cl, Br, Al, ‘B, N, P and Sb. Fire retardant
formulations are not, however, limited to just these seven elements. There has also
been a Iargeiamount of research into transition metal elements and their synergistic

effects with other elements.

1.5.5.1 Chlorine and Bromine

These two elements are banded together as they impart flame retardancy in exactly
the same way. In unsaturated polyesters alone-there has been huge interest in
halogenated fire retardants (96 - 114) of both the reactive and additive type. The

29



types of . compounds that have been ‘used ‘are extremely - diverse, ranging from
modified cross-linking monomers (Fig. 13), modified glycols (Fig. 14) or modified

anhydrides (Fig. 15) to purely additive compounds such as chlorinated paraffin waxes.

| C—O—CHy—~CH=CH, |

Br

Diallyl Tetrébrdmophthaléte -}

Fig. 13: Brominated cross-linking monomer (96) :

HOH,C— C— CH,OH |
X =ClorBr 1

Fig. 14: Halogenated glyco!: Dichloro- or Dibromoneopentyl glycol (97)

CH,0~__~O%H5

Ago

1,4,5,6-tetrachloro-7-oxo- nonbomene-z 3 dlcarboxyl anhydnde
dimethyl acetal )

Fig. 15: Chemically modified anhydride (106)
A deta11ed review on the halogcnated compounds that are used for ﬂame retardatlon

and thelr respective  advantages and dxsadvantages could be carried out here.
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However, in the context of this thesis it is, perhapé, ‘more important to-discuss the |
modus operandi of halogenated fire retardants rather than to catalogue the ones that
exist, as there is some controversy as to how they operate.

It was originally observed that certain bromohydrocarbons were 5 -.:8 times more
effective than nitrogen or CO, in rendering volatile gas mixtures non-flammable (115)
and in the 1950’s a mechanism was put forward to account for this behaviour. It was
proposed .that, upon decomposition of -these bromo compounds, HBr was vfon.ne.d
which~c.ompeted_with the free radical reactiéns t}aking‘ biéée m the ﬂame,pnmanly '-
the propagation and chain branching stages. In this context the important reactions in

the combustion of methane, as discussed earlier, are shown below:

CHy+ OH === CHj+ + HpO Propagation
CHs++ Oy === HCHO + OH-
CO + OH- #=l=-%l> COZ+ H.

H + 02 ———m OH+ 'O' " chain bfarichiné

HBr, when present in the combustion zone, competes with these reactions in the

following way:

HBr + OH. —— H,0 + Br:
HBr + O+ ——— OH- + Br.
HBr+H-V —>» H, +Br.‘
HBr + CHyy —> CH, + Br.

All of these competitive reactions are less exothermic than the normal combustion

reactions and so the amount of heat available, in the presence of HBr, to radiate back
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‘to the polymer surface is reduced. Tflis leads to a reduction in the decomposition rate
‘of the polymer, a subsequent reduction in the burning rate and finally the extinction of
the flame. -

It was concluded by Butlin and Simmons (116) that the main HBr inhibiting stage is “
‘the removal of H radicals in the chain branching step, from the reacﬁon zone. They
went on to study the relative efficiencies of HBr, HI and HCl in this inhibition stage.
This was carried out by ‘comparing the rate of removal of the H radicals compared to
the reverse. réaction whefe the halide radi’cal“l"eact‘ér w1th Hz "to form a hydro}ge;;

radiéal: :

:‘ H, + X.—> HX + H:

+In the case of HBr and HI the probability of this reverse reaction taking place is
extremely small. - The effect of these halogens, then, is to. inhibit the flame by
‘removing H radicals from the reaction zone. In the case of HCl however it was found
;chat there was an equal chance of either reaction occurring. The net effect is that HCI
~ does not éffectiveiy remove H radicals ‘from the reac’tion;'zone. - It was, therefore,
concluded that HCI acts as a diluent to the flame. These findings were confirmed by
Petrella (117) who found that the bromine reacts with H, to form HBr and a H radical.
This radical could then react either further with Br, or w1th 0,. Petrella found that
significant amounts of HBr were formed and that the,combﬁstion of H; was delayed.

The combustion reacticn only took place after almost all of the Br, was consumed.
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Although this free radical trap mechanism is: generally accepted as being the
mechanism by which halogens operate, there is some evidence to show that _they. act
in a purely physical way.
It has been found that the minimum weight of halogen required in the combustion
zone, to prevent flame propagation, was 75 - 80% by weight of the sum of the weights
of fuel and agent. |
Larsen and Ludw1g (118) argue that most halogen-contammg polymers only contain
1-30%:halogen. If all of the polymer was vaponsed then there would not be enm;éh
halogen present to extinguish the flame.  The authors go.on to compare the Spalding
-Mass Transfer Number for various halogenated fuels (Table 4). The Spaiding Mass
Transfer Number, when applied to liquids, can be simplified to be the ratio-of the heat
of combustion per gram, AH, J/g, to the heat of vaporisation per gram, AH, J/g. This
is essentially the ratio of the amount of heat given off on combustion per gram of fuel

to the amount of heat needed for further vaporisation for 1 gram of fuel. The higher

the figure the more flammable the fuel and vice versa. -

Fuel Halogen | Flash Pt. | - Fire Pt. AH.J/g | AH,J/g | AHJ/AH,
(% Wt) (°C) (°C)
- CeHe 0 13 ~14 40 000 376 106
CsHsCl 32 40 51 26 000 312 83
CeHyCly 48 68 403 18 400 260 70
CeHsBr 51 52 154 ~18 400 232 ~80
CsH,Cl5- 58.6 99 - 16 000 212 75

Table 4:" Spalding Mass transfer Number for halogenated fuels.
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It can be seen that as the halogen content of the fuels.increase the AH, value decreases
markedly whereas the AH, value is altered to a'lesser extent. This has the effect of
reducing the Spalding Mass Transfer Number dramatically showing that there is less

energy available from the flames to facilitate further-vaporisation from fhe surface of
the fuel. - Consequently more of the material needs to pyrolyse to sustain combustion -
or alternatively a further, external, heat'source‘is needed. ,
- This work has some valid points but one major failure in the work is its assumption -
that all of the polymer vaporises to provide the halogen to the vapour phase. It is not
necessarily true that the release 6f the halogen into the vapour phase coincides with
total degradation of the polymer. It can be said that, in‘the early stages of pyrolysis,
only dehydro-halogenation occurs which provides a total weight % of | halogen in the
vapour phase of around 75 - 80%.

Further studies into the mode of acﬁon of brominated fire retardants (119, 120) have

shown that the introduction of HBr into the oxygen free zone ‘surrounding
polyethylene causes a significant reduction in the weight loss of the polymer. The

reverse is true for polypropylene, where the rate of degradation was increased. Both

of these will result in flame retardancy. The reduction in weight loss results in less

flammable fuel being available in the vapour phase. The increase results in the

flammable fuel being available at temperatures where no flammable mixture is

present. All of this work into the action of halogens in flame retardancy has shown

that there is no definite mode of action, with some flame retardant effects being seen
in both the condensed and vapour phase. Chamberlain (121) tried to explain how this

phenomenon could come about. He stated that “The bromine acts in the condensed

phase’ to alter the fuel. production by acting as a catalyst for condensed phase
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degradation. The organic bromide decomposes at such a temperature and rate that the
concentratiomqf HBr in the vapour phase is very high just-at the time when a
flammable mixfure of fuel and air is formed.”

Iodo-comgounds are effective free radical trapping agents in polymers (116) but their
cost is prohibitive in their use as ﬁre—retardant additives. Fluorine compounds have |
very-stable C-F bonds which are resistant to Qxidation. - In this case, thén, there would
be no free radical trapping agents present in the vapour phas‘e.‘ . The pyrolysis of fluoro
- polymers has,-howe?er, been studied Ey Madofsky etv'alv(11.22 - 12‘3)..7 The conclusxon N
of these studies was that the degradation mechanism ‘of. fluoro - polymers was |
dominated by the loss of HF. -This leads, depending on factors such as amount of
fluorine and its position in the backbone, to- chaia-scission, the production of
unsaturation and cross-linking. ‘HF has no-activity in the gas-phase.:

Whatever the action of halogens in polymers,.it is safe to say that the-fire retardant
effect of the halogen will only be effective as long as the hydrogen halide is formed

along with the pyrolysis products.

1.5.5.2 Phosphorus as a Flame Retardant.

As with halogenated fire-retardants there has been a great deal of research carried out
into the action of ‘phosphorus compounds as well as the formulation of new
phosphorus based fire retardant compounds. Phosphorus compounds have been used
to impart flame retardancy into unsaturated polyesters (124 - 129), polyurethane
foams (130 - 132), phenolic resins (133), poly(methyl methacrylate) (134) and
cellulosic materials (95, 135, 136). Again a full review of phosphorus containing
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compounds’ used ‘as fire retardants could be undertaken but again this is of lesser
importance “than a full understanding ~of "the: mode  of. action of phoéphorus-
compounds, which is very. reliaht on the structure of the polymer. -

Unlike halogens, the generally accepted mechanism for. phosphor;ls compounds is a
condensed phase action.  Phosphorus may be.incorporated into the polymer either as
an additive or as a reactive co-monorier. Reactive species have the effect of altering
the pyrolytic fuel production stage. In all cases.the‘presénce,of phosphorus in- the
polymer increases the char formation of the,kp(v)llymer on combﬁstioﬁ. g -

In cellulosic materials the pyrolys'is stage starts with the unzipping of the polymeric
chalfn (137) to produce monomer unics. .These can then degrade in two ways, 1) via
an epoxide to form levoglucosan and»_;t:hen vto» tar and volatile products or, 2) by
.dehydration and dehydrogenation to vform a char. It is known that phosphorus
compounds ‘can form acidic compounds on combustion which accelerate the
dehydration route to form char in cellulose (93). This occurs via esteriﬁcetion,
thecmal decomposition and the formation of an unsaturated backbone (115,‘" 116)
which leads to char formation. -

Phosphorus fire retardants in polyurethéhe.~foams will be discussed in the phosphorus-
nitrogen synergism section as the phosphorus does not directly cause the fire retardant
effect, rather it catalyses a degradation reactionvwhich leads to ccar formation. :

In unsaturated polyester resins the fire retardant effect of the phosphorus compounds
is the same as in cellulose with phosphorus acids or polyphosphates leading to an
increase in char formation

Addmve phosphorus compounds need to, be matched to the decomposmon

tmperature of the polymer. This has been referred to as the “nght place at the right
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time” theory (138). Fire retardants are often assessed by ‘using thermogravimetry.
This procedure compares the thermal degradation profile of the polymer to those of
the fire retardants (Fig. 16). In this case fire retardants 1 and 2 are too volatile' and
they would: vaporise from the polymer before 'a flammable mixture of fuel and air
could be formed. Retardant 5, on the other hand, would only be effective at
temperatures higher than the thermal degradatioﬁ temperature of the polymer, by
which time the polymer has already degradéd and started combustion. Retafdant. 4

would be the most suitable fire retardant with 3 also being of limited use.

Weight loss (%)
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Fig. 16: Thermogravimetric curves for polymer (shaded area) and five potential fire

retardants,

It has been further suggested that the use of two additives, with different volatilities,

would be more effective. The use of one additive which decomposes at about 60 -
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75°C before the poiymer would ensure a high conqentration of fire retardant in the
vapour phase at the same time as a flammable fuel/éir mixture was produced. A
seéc‘)’rvldy addmve c;ould, fheh, rbe ﬁéed which did not decompose until a large amount of
the polymerhaddegraded Us‘i;g'thi:s: method there WO;ild.bé éffecti{/e ﬁre fétzirdanéy

over tﬁe:cbmp'lete'thennal degrédatibh‘rang;e of the polyfnéf,' SERTR

1553 Aluminium Flame Retardants

Alummlum ﬂarﬁe ‘retér(.iants'afeAaci:‘ually 4the rriosf cbihinoﬁiy ﬁsed ﬂame fétardants.
Theﬁm(.)st common of these, anéi the fmlir 6ne to be diséuéséd ‘here,vi»’s alﬁfhinium onde
tn'hycirate (ATH) (Ale3.3H20). This is a white powder which is used as-un additive
flame refardant. It operates in two main ways}, one in the condensed phase anci one in
the vapour pﬁéée (82). In the condensed phase it acts primarily a$ a heat sink. This
meéﬁé that it absorbs heat and condﬁdté it away from ’a‘ concentratedla‘rea on the
polymer surface. There 1s then, less héat ‘to causé( dégrédatiqn of the poiymer.
Desﬁite thiskaction there comes a stageA i;vhefe ’thé ATH reaché‘svits‘ tIieﬁﬁal sé.turation
level and nb more heat can be rem-o-ved from the polymef surface. ‘Thi‘s ‘is when‘
thérrnéi degradation of the polymer starts. At .t(_ampera.tures c=>f‘ aroun‘d‘ZOO - 250°C,
hbowevé.r,' the ATH releases its water into the Vai)dur phas.é. As ATH 1s oﬁen used in
quanfities és high as 100phr or more and ité water content is 35%, a large amount of
watér‘is reléaséd intd the vépdur phase. This has the effect of diluting the flame and
also feducing the amount of heat radiating back to the surface of the polymer thius

inhibiting further degradation. This causes flame extinction.
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1.5.5.4 Boro'n Flame _Retardants

Although boron is used as a ﬂame retardant addmve i polymers it has never really
enjoyed the same amount of use and study as elements such as phosphorus or the
halogens. Due to this the mode of actlon of boron will only be drscussed briefly.

Boron usually operates in one of three ways dependmg on the boron compound used.

When borate esters are used in a polymer, such as cellulose, they produce acidic ™~~~ ="

compounds which accelerate the dehydration process in the polymer leading to char
forrnation. This is ‘simiylar to the mode of action that is seen with phosp.horus
conipounds in these polymers. -
The use of borax (Na,B40,.10H,0) highlights the otner two modes of action seen
with boron corﬁnpounds(82ﬁ). The solid borax additive in the polymer melts when heat
is apptied 0 the poiymer surface. This molten borax ‘then rapidly swells to form .a
froth on the surface of the polymer. Subsequent dehydration of this froth causes a
tlrermally stable glassy layer to be formed on the ‘polymer surface (Fig. 17). This
| glassy layer prevents oxyg.en from reaching the polymer and so prevents the
combustion process from taking place. This layer is also heat resistant so less heat
can reach the oolymer surface. This leads to a reduction in the degradation rate of the
POIYmer and so less fuel is available for combustion. The water lost from the borax is
released into the vapour phase where it has the same effect as the water released from

ATH, as described earlier.
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SOLID BORAE? —; KiELTED BORAX ] :
| BORAX SWELLS INTO
\,A FROTH

Fig. 17: Fire retardant activity of borax.

1.5.5.5 Nitrogen Flame Retardants

Fire retardants that are based on ﬁifrogen alone are-relatively rare bli’t. are gaiﬁng in
popularity. The reason for‘this increase in popularity“of nit;ogen ‘ﬁre feta}daﬁts is that
considerations such as smoke and the evolution of toxic and corrosive materials is
now being considered along with the fire fetardant propertiespf the elément. Usually
nitrogen is used in conjunction wifh phosphorus to produce a synergiStic effect. Most
nitrogen fire retardants are based aroundltriazines and mélamine and its derivatives
(139 - 147). The mode of action of fire retardant nitrogen compound$ varies greatly
depending on the type of compound used and the structure of the pplymer matrix.
Stern (142) reported that melamine cyanurate (MC) degrades at témperatures of
around 410°C to produce non-flammable and non-toxic gases such as nitrogen. He

Postulated that the effect of this was very much the same as having water in the
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vapour phase, i.e. a heat sink and a diluting-effect ,of’ the burning gases by non-
reactive gases. - Importantly, however, he did  stress -that the .decomposition
temperature of MC must correspond closely,fo_ the decomposition temperature of the
polymer in order to ensure that the nitrogen gases were available in tho vapour phase
when a.flammable mixture was presentL - A- more- detailed study of the therrnall
degradation of various melaminewsalts- (1.43)_-oonours ‘with-Stern, in that this study
agrees that thermally stable nitrogen. compounds such -as ammonium salts or
melamine are released into the vapour: phaée to blanket the ﬂame Thxs study showed
that the condensed phase action of melamine;centres on the production of polymeﬁc
products pamed “melam”, “melem” and “melon” .(Fig. 18). - It was found that -
melamine mostly evaporated above 250°C but did leave a small amount of residue
(ca. 7%). This residue was analysed at various temperaturesond was found.to consist
of melam to about 300°C, melem to about 450°C and fnelon to. 600°C. ‘;The

evaporated melamine has a blanketing effect on the flame in the vapour phase.

NH, NH,
Ny NN '
NHZ——“\ )\ )l\ /L—-NHZ
S N7 NH N7 ,

Melam (di 6,{2,4-diamino-1,3,5-s-triazine]amine)

* NH,

NH, SRS L )\
o )\ A
N N N N
| _ &
P |
NH; N NTNH,

N \'
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Fig. 18: Structures of Melam and Melem.
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When melamine is used in polymers as a salt its decomposition'process is changed.
Essentially, however, the release of non-volatile melamine into the vapour phase and
the formation of the melon char at high temperatures stays the same. It is, merely, the
route by which this is achieved that changes.:” |

It has been shown with dimelamine cyanurate that between 250 and 350°C:one
molecule of melamine is lost leaving melamine cyanurate.‘ Above 360°C (its melting
point) 90% of this was volatilised to form free melamine and eventually, via
dissociation, cyanurrc acid. The cyandrlc acid later decorhposed to cvamc acld whrch”
acts in the vapour phase. At 450°C 1tbwas found that the residual char was similar to
melon, which normally onlv occurs vv.ith‘ meiamtne. at tehlperattlres 'aboVe 560°C. It
was oroposed that the cyanoric acid catalysed the .’condehsatio.n of melarnine‘j to form
melon The efficiency of th15 is hmlted by the decomp'\smon of cyanuric acid to
cyanic ac1d Upon heating to 650°C the char totally decomposed to form volatlle
products such as HCN, (CN)7 and NH')CN o |

If, on the other hand, an addrtwe were requlred that was thermallv .stable to very hrgh
temperatures, it was found that the use of melamme borates would be of con51derably
advantage it was found that melamine bborate decornposed n three dlstmct stages

Frrstly at around 130 - 270°C the borate dehydrates to form bonc anhydnde (B‘)O})
and melamlne wrth the release of water vapour into the vapour phase At higher
temperatures (270 - 350°) the melamme itself decomposes as normal to produce the
melam | condensate and boric anhvdride with the release o.f rhelarhine .irtto the
comhustruu zone. The degradatron procedure above these temoeratures is not fully

understood but it is thought that melamme is further condensed and lost from the
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residue.. It'is also thought. that extremely stable. polyamino-borazines' may. be
produced. These are stable to temperatures of about 1100°C.
As has been shown, by understanding the thermal degradation mechanism of various
salts, it is possible to tailor the fire retardant to the polymer; -
Now that the ﬂrve retardant elements have been dlscuSSed individua]ly it is time to

consider the synergistic interactions displayed by these elements when used together. -

1.5.5.6 Antimony - Halogen synerglsrn -

Antrmony is used in the tr1ox1de form (Sbaog) but has no ﬁr.eretardant effects when
used alone. Pitts (148) found that when antlmnnJ trlox1de is added to halogenated
polymers the ﬁre retardant propertles are greatly 1mproved | |
War-time research found that the optlmum mole ratio of Sb: Cl to 1rnpart the most
effective ﬁre retardant effect was 1:1. The explanation for this was that the HCl
evolved reacted with the annmony oxide to produce QbOCl (149). The presence of
this oxychlonde was later concurred by other authors (150 - 152). Fenimore and
Jones were the ﬁrst to study where annmony halogen systems operated (153). They
found that antimony - halogen systems were only effective in oxygen-contammg
flames. They then concluded that this system must act as a flame poisoner which was
specific to reactions with oxygen. They also found that 75% of the antimony was lost
from the polymer. As antimony trioxide is thermally stablethey concluded that a
volatile antimony - halogen compound was forrned Several authors have noted the
efficiency of a Sb: Cl ratio of 1:3 as opposed to the prevrously noted 1:1 (154 - 156).

This was suggested to be SbC13 It was found that the amount of chlorme volatilised
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from the polymer compared to the amount of e.mtimqny was 1 .mole of Sb,0; to 6
moles HCL: - The reaction of Sb,O; with HCl is very complex but can be summarised

as shown below.

Sb203 + 6HCI ""——> 2SbC13 + 3H,0 |

Despite the fact that the antimony - - halogen-species that imparts flame retardancy
into the polymers had been elucxdated, the actual mechamsm by which they pmson
the flame has not. Several theories have been put forward‘(148) -
1.~ . Trivalent antimony facilitates the generation of halogen radicals which.
interfere with the normal free - radical reactions in flame propagation.

2. SbOCl and SbCl; delay the rate of escape of halogen free radicals. from the
flame, thus increasing the chance of a reactant free radical reacting with:the
halogen.

3. Volatile SbCl; blankets the flame.

4. SbCl; and SbOCI act as dehydrating agénts to promote char formation.

Pitts (148) found that Vthe’ following réé_.cﬁtion'shtook place when a polymer containing

antimony and chlorine degraded:

245°C - 280°C T
5 SbOCl(S) -_—> Sb405Cl(s) + SbCI"

 410-475°C T
e SSb3O4Cl(S)+ SbCl;

38b;0,Clg) 472 35C 4Sb203( )+ SbCh

~658°C
szo3() — Sboos(l)
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He concluded that the formation of SbCl; resulted from the thermal degradationvof
SbOCI. Hastie (157) went on to study the reaction that took place between SbCl; and
the reactive free radicals in the combustion zone. Some of these reactions are shown
below to highlight the number of interactions that take place, in this system, to inhibit
the- flame (Fig. 19). These studies concluded that the .antimon_y, halides did indeed
inhibit the free radical combustion reactions that took place in the co_mbustion‘z_one.
Hastie also found that the HX species was dominant at vcoql-e\r temperatures where no

flammable fuel/air mixture was present and that the SbO species was prevél_e»nti\n the
reaction zone. He therefore statéd that the fire retardant: action of antimony halides
occurred in two stages. Firstly the HX sﬁecies reacts with reactive free radicals
before combustion takes place and then.the more stable SbO species takes over to

--catalyse hydrogen recombination in the reaction zone. -

SbX; + H» —» HX + SbX>
SbX3 —>»> —» X + ShX>
SbX3 + CHz —® (CHs3X + SbXs |
SbX | - -

SbX; + H+ —» HX +
SbX; + CHy — > CH3X + SbX
S$bX + H.. /> HX + Sb
SbX + CHy — > CH3;X + Sb
Sb + 0" + M —> §bO + M
Sb + O + M —>» SHOH + M
SbOH + He =~ SbO + H3
ShbO + He ——>» SbOH*
Sb + H0 —» SbO + H
Xx+X+ M —> X2 + M
X+ CHy — > CH3X + X
+ M

M+ X + CHy — CH}X'
HX + CHy —>» CHs + X
HX + H» — > H+X

- Fig 19: Flame inhibiting reactions involving SbCl;
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1.5.5.7 Phosphorus - Halogen Synergism

The use of phosphorus and -halogens: together is a very popular method of
incorporaﬁng fire retardancy into a polymer because, even if no‘synergism occurred,
‘there would be -the condenéedv'phase: action of-the’ phosphorus being used in
conjunction with the vapour phase action of the halogens. . This system has, therefore,

been extensively used in polymers.(158 - 160). - The presence of a synergistic

interaction between these two elements, however, is an area of dispute with some

authors proposing a synergistic interaction and:some ‘opposing -this . interaction.
Hindersinn (161) carried out research into the effect of phosphorus and halogens in
unsaturated polyesters. He determined the burning times for %Cl vs P content of the
resin and vice versa. He then combined the results from these two studies to derive a
graph showing the %Cl and %P required for a given burning rate. On this graph he
al;o plotted the %Cl and %P needed for a fixed burning rate assuming additivity of

‘the two elements (Fig. 20)

Burning -x.it'ue' mlmm A
025 , , i&
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Fig. 20: Amounts of Cl and P needed to give a specified burning rate compared to

additive amounts needed,
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Hindersinn conclqded'that,f as the deviations from fﬁe :éd&itiglé line v;eré ﬁegativé,
some synergism was taking place in this system.

Weil criticised these results on several grounds. Firstly, h'e"sté:teld 10 mtercept values
were given for the amount of Cl needed at 0% P. From the graph it appeared that, for
each burning rate, the amount of Cl needed at 0% P was around 26 27% We11
concluded that this would mean that the burning rate was not a functmn of the amount
of chlorine: which was not true. Hindersinn | al_so ététéd thatthe burmng }r‘ét}e} for the, o
polymer containing 26.3% Cl and no P was 0.19 in/min. If this were trué thén for a
longer buming time with no P, ?;onsi:derably less Cl Wduld be 'r:ie'eczied, j)ushing tljleA
intercept at 0% P below the shown 26 - 27%. | |

A study by Piechota (131) on rigid palyinemaﬁe foams‘ébntaimﬁg phosphorus and
chlorine or bromine showed no synergism. In this study Piechota observed a peak

flame retardant effect, for phosphorus, at 1.5% weight of phosphorus. He also found

that, for the halogens alone, there was a decrease in fire retardant effect as the

amounts of the halogens increased. The interesting part of the study came when he

plotted the optimum amounts of P and, initially, Br needed for flame retardancy. He

found that the graph obtained was ‘an exceptionally good straight line graph,

indicating an additive fire retardant effect. In this case the 1.5% phosphorus is the

optimum amount of phosphorus needed for the most effective flame retardant effect,

without the presence of halogens. If the elements were synergistic it would be

€xpected that the graph would deviate away from a straight line to a concave line
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bending towards the axes. It was concluded that, as the graph was a straight line, the
two elements acted additively rather. than synergistiéally. Despite these arguments
against synergism there have-still been theories put forward ‘to. explain how.a
synergistic phenomenon occurs.

One theory put forward is that phosphorus halides and oxychlorides are produced
which are free radical scavengers. These were thought to be more effective than
hydrogen halides because of their increased vapour densities which cause the;e
halides to stay in the combustion zone‘rlér“lée’r th’aﬁ‘ fhé iess :ive"rﬂlse ﬁ.ydergebn hahdes
(162). This theory gains credenée ‘when one considers that phosphorus oxychlorides
have been shown to exert a flame queriching effect when introduced direbtly into a
flame (163, 164). Howeyer, there has been no evidenge that‘sucl‘l rgactions aqtqally

take place in phosphorus - halogen systems.

1.5.5.8 Phosphorus - Nitrogen Syﬁergism
The use of phosphorus - nitrogen containing additives for flame retardancy has been |
extensively} reported in the 1ite1atgre (165' - 176). :Mecham'st_ick studies of P-N
interactions have shown that a condensed phase mode of action is predominant in
most polymers. The mode of action, however, is different depending on the polymer
m%itrix. It was discovered by Patil et al (177) that the presence of monohydrazinium
phOSphate caused cellulose to degrade at below 300°C. At these low temperatures
very little levoglucosan is produced and so less fuel would be available for
combustion. This additive also had the effect of reducing depolymerisation and
Promqting dehydration resulting in the formation of char and water. »I‘t was found in
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most polymers that more char was formed when phosphorus and nitrogen were used
in conjunction.

The mechanism for nitrogen-phosphorus synergism in cellulose has been documented
(178). It was proposed thdt_cornpounds such as phosphoranlides containing 2° amine

groups (Fig. 21) cause the synergistic effect to take place.

O
|
R—IID—R

Fig. 21: General structure of phosphoramides used for N-P synergism in cellulose

The 2° amine containing compounds can easily lose.an amine group upon pyrolysis
leaving reactive P=N bond which can then attack the hydroxyl group on the
cellulose molecule to bond the phosphorus to the cellulose 1tself Repetition of this
results in the phosphorus being chemically bound onto the cellulose backbone (Fig.
22). Less phosphorus is then lost during the burning process due to volatilisation.
The effect of this is that less phosphorus additive is needed to produce the same fire

retardant effect as when the phosphorus is not bound to the cellulose chain.

. " i I
P(NHEL), NHEt—P==NEt | ————=%  NHEt—P—0—Cell
- NH,Et Cell-OH IJIHE
t

- NH,Et
+ Cell-OH
o

Fig. 22 Schematic repréSentation of proposed P-N synergism in cellulose.
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The synergistic effect in polyurethanes, however, is different from that postulated in.

cellulose (82). Polyurethanes are nitrogen containing polymers of general formula:

0
Al

H1—OR—O—C—NHR—NHC

Upon thermal degradation of this polymer isocyanate (RNCO) groups are produced.
In the presence of a phosphorus compound, which thermally degrades to form acidic
phosphorus compounds such as phosphoric a{qidv,’ - the formation of :ispcyanu;r.atef rings

from the isocyanate groups is catalysed (Fig. 23).

N W

| S N A |

| RNCO—> )\/K |
o7 N Yo

R

Fig. 23: Fonnatiqn of isocyanurate rings from isocyanate groups catalysed iby_acidic

phosphorus compounds.

These isocyanurate rings cause charring of the burning polymer which rediices the
amount  of volatile decomposition products from the burning polymer and also
insulates the rest of the polymer against the heat source. |

In the case of FMMA the p.hosphorusv additives, as in polyure'thanes, decompose to
give amdxc compounds such as poly(phosphorlc a01d) These acidic pﬁosphorus
comIDOurlds caﬁse char and CO') formatlon in the burnm pol'ymer which leads to
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flame ektinction (134). In most cases the presence of relatively basic nitrogen
compounds reduces the acidity .of the phosphorus compounds and so lessens the
activity of these compounds for char formation. In this case the nitrogen additive
actually inhibits the phosphorus additive. . It has also been shown that when
ammonium polyphosphate is used in PMMA the only reaction of the organic polymer
under pyrolysis conditions is with pqu(phosphoﬁc acid) which is.the breakdown

product of the ammonium salt. The nitrogen plays no part.

In the case of polyacrylamide (PAM), a nitrogen-containing polymer, it has been

found that there is a large arnbunt of -synergism: in the presence of phosphorus
compounds (179). In this study diethyl vinyl phos;ﬁhorlate was copolymersised into
several polymers including PMMA and polyacrylonitrile (PAN). It was found fhat the
incorporation of 5.6% w/w phosphorus into PAN caused an increase in O.I value
from 0.18 to 0.275. In the case of PAM, however, this increase was much greater
with slightly less phosphorus being incorporated into the polymer (5.3% phosphorus
gave an increase in O.L from 0.273 to :0.579). It was - proposed. that the
copolymerisation reaction taking place between -the amide groups and  the
' PhOSphOnate groups (Fig. 24) led to a high degree of crosslinking between the
polymer chains. This leads to a higher degree of thermal stability during the earlier

stages of combustion and so a lower rate of degradation:

I Il pr
ﬁc_N\ + EtO——!I’ —_— ——C—N——ll)—— + EtOH
H
EtO EtO

Fig. 24: Reaction between amide groups and phosphonate groups.
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1.5.5.9 Other Elements

The majority of elements that ha‘w‘ev_been uSed in addition to the above mentioned
elements are metals in the form of | compcimplds" MthAﬂlaleﬁc;y )s.t‘atves such as Cr(IIL),
Fe(I1I), Co(II), Ni(II), Cu(II),. Zn(II), MQ(HI,)’ Mg ’and Sn(IV). Thes'e metals have been
used to impart flame retardancy as well as reduce smoke in burning polymers and
have been shown to work in numerous different ways. It is, however, well known that
these metals are not effective fire retardants in their own right and rely on the
presence of halogens. e o e

It has been shown (180 - 183) thét the oxides of metals such as Mo, Cu and Fe act as
fire retardants in halogen-containing polymers. Besides giving fire retardation, they
éive more efficient smoke suppression than the antimony oxide - halogen system.
The mechanism by which these additives operated was assumed to be the same as the
antimony system, although some evidence does suggest that these metals actually act
in the condensed phase rather than the vapour phase. -

Brauman carried out work on the use of zinc pyromellitates (Fig. 25) and their use as
fire retardants in halogenated polymers (184, 185). She found that, in PVC and
poly(bromostyrene), the zinc pyromellitate promoted the formation of char at the
expense of flammable fuel production. In PVC she postulated that the zinc formed
ZnCl; which 'promoted-dehydrochl'or.ination of the PVC and cross-linking of the

resultant unsaturated polymer chain. -
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Fig. 25: Zinc Pyromellitate flame retardant additive
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In poly(bromostyrene), however, she found. that the metal portion of the additive
retarded the polymer degradatioh‘ féte by possibly. céfhpleiing with”the” bAro‘r‘ﬂinre"~
substituent on the polymer. | The organic portion of the additive promoted
crosslinking and fragmentation of the: degrading polymer. It was ‘thought that the
cross-linking process was brought about by the organic portibn degrading to form
phenyl and acyl radicals.

The use of anhydrous and hydrous tin (IV) oxide has been studied by Cusack(186).
He found that the hydrous form was a much more effective flame retardant and smoke
suppressant than the anhydrous form. He did, however, concede that neither additive
worked in the absence of halogens. The reason, he stated, for the  improved
effectiveness of the hydrated oxide was that it released water into the vapour phase
which the anhydrous form could not. He suggested that the mechanism for the flame
retardant action of anhydrous tin(IV) oxide with halogens was a two-phase system,
with the tin oxide reduc;ing smoke production by promoting cross-linking in the
condensed phase with the halogen working in the vapour phasé. It has, however, been
Suggested that, when the hydrated form of tin oxide with bromine is used and the ratio -
of Br:Sn is above stoichiometric, large amounts of tin(IV) bromide are volatilised into

the vapour phase to act as a free radical scavenger...
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Magnesium ‘is another metal which has received attention as a fire retardant and

smoke suppressant (187). In this case the magnesium is used as Mg(OH),. - This acts

in very much the same way as ATH in that it is a heat sink and it releases water into -

the vapour phase, but it :has a higher decomposition temperature. It was found,
however, that this additive was not as effective as ATH. The reason given for this was
the large amount of research into optimising ATH for use in polymers whereas very
little work has been carried out on magne‘siﬁm'ilvydro}dde.

Having taken into account all of the main elements and modes of action used for

imparting fire retardant properties into polymers, it was decided to undertake an

investigation into the uses of substituted triazine rings as potential reactive fire

retardants and smoke suppressants. -

1.6 1,3,5-5- Triazines

1.6.1 Synthesis of s-Triazines -

Thequ3,5 - triazines are amongst the oldest known organic compounds. Originally
they were called symmetrical triazines or s-triazines. As these compounds have been
around for so long fhere is still a tendency to use ﬁoﬁ-standard names for some of the
most common s-triazines. These include melamine, cyanuric chloride, cyanuric acid,
ammeline, ammelide and acetoguanamine (Fig. 26). ” |

The first 1,3,5-triaziﬁe was synthesised iht71‘895 by Nef (188) by treating hydrogen
Cyanide with ethanol in an ether solution saturated with hydrogen chloride. The
resultant salt was treated with base to yield an imidate which fobl"med_k 1,3»,5-tr1'azkin¢l on
distillation (Fig 27). Today the 1,3,5—tﬁazines are very important synthetic
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intermediates because they are very reactive. Of their derivatives Cyanuric chloride
is, perhaps, the most important as it is the major starting material for other 1,3,5-
triazine derivatives. In fact the majority of 1,3,5-triazine based herbicides are

synthesised from cyanuric chloride.”

R - -

Common Name ' R'-' | R ' R’
Cyanuric chloride - Cl o ' ClI* - Cl
Cyanuric acid OH | OH OH
Melamine NH, - NH, .. NH;
Ammeline OH NH, _ NH,
Ammelide oH |  OH | 1
Acétoguanarnine Me NH, NH,

Fig. 26: Structures and names of common s-triazines

3EIOH N/\N

NH
3ucZ — |
R OEt X N . Lo /
' N

Fig. 27 First synthetic route to 1,3,5-triazine

s-Triazines have also been eXtensively used in modifying polymers. These

modifications have centred around three major areas of use: imparting inherent
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thermal stability into polyurethanes, epoxides and poly(olefins) (189 - 192);
antioxidants in electronic insulators (193 - 196) a}nd finally as dyes and bleaching
agént_s in poly(acrylonitrile) fibres (197 - 19‘9),

Although s-triazines have been exténsiv'elyﬁuséd in bolymers it appears that very little
use has been made of their hlgh riitfbgéh cdnt’eﬁnt and potential char promoting
properties, to impart reactive fire retardancy and smoke suppression into polymeric
systems. As cyanuric chloride is readily availéble and known 'to be an important
intennediate for many 1,3,5 -triaiiné >cri»eriv'at‘ives, 1t Was' decided io use 1tasthe startmg _
matefial- for the synthesis of a-po'tentiallreactive, fire-retardant; reduced volatility

monomer for use as a cross-linking monomer for unsaturated polyester resins.

1.6.2 Cyanuric chloride

Cyanuric chloride is extremely sensitive to nucleophilic attack and the chlorine atoms
can be sequentially replaced by a nucleophile. The reason for this openness to
nucleophilic attack lies with the lack of electron delocalisation in this system (200).
In an un-substituted 1,3,5-triazine the delocalised electron cloud, which is normally
seen in aromatic systems, is substanﬁally localised onto the nitrogen atoms. This
reduces the delocalised electron cloud to about one ten‘»chl éf thaf found iﬁ benzene.
| Obviouély the presence of strongly electron withdrawing,g‘foupsfeduces the electron
delqczilisation more. This results in polarisation of the molécule so that the vcarbon
atoms are electron deficient making them extrcm_ely: suscéptible‘to nuéleophilic
.at,‘t‘a‘?k- (Fig. 28).  Obviously, then, if an electron-donating group were used as a
substituent the n-electron cléud is extended making the positive character of the

carbon atom less pronounced and so reducing its susceptibility to nucleophilic attack.
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Fig. 28: Charge delocalisation in cyanuric chloride .

The vhig‘h reactivity of cyaﬁﬁric chlorlde to nucleophlhcattack is demostrated by the

reactions and conditions for the displacement of chlorine in cyanuric chloride as

shown in table 5. It is observed that sequential removal of the chlorine atoms can be

achieved by a relatively small change in the severity of the reaction conditions..

R N
F \l(
Ng N
e
Triazine Product S RN
R R’ R’ Conditions Temperature
@)
RO Cl Cl ROH, NaHCO, 30
RO RO Cl ROH, NaHCO; 65
RO RO RO ROH, NaQOH 25-30
RN Cl Cl R,NH, H0 0
RoN R,N Cl R,NH, H,0 30-50
| RN R,N RN R,NH. H,0 90-100
_(RO),P=0 (RO),P=0 (RO),P=0 P(OR), 60

Table 5: Some typical reactions of cyanuric chloride
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Due to its _high reactivity and high nitrogen content, cyanuric chloride was chosen as a
suitable starting material for the synthesis of a cross-linking monomer for use in

unsaturated polyester resins.

1.7 Aim of project
The aim of this pioject was to synthesi‘se a readtii}é"C‘rosséliﬁking monomer for use in
unsaturated polyesters using cyanuric chldride;' ‘as a‘starting material. The pre- |
réquisifes for this monomer were thét it; - | .
1) Had a high nitrogen contént to try and suppress smoke evolution from
the burning polymer.
2) Contained no halogens as these cause corrosive and toxic g‘us»es to be released
from the burning polymer.
3)  Had a low volatility to reduce the volatile organic content of the polyester and
so reduce emissions of organic vapours..
4)  Hadsites of reactive unsaturation to facilitate cross-linking with the polyester.
5) - Reacted sufficiently well with the unsaturation in the polyester back-bone to

give good mechanical and physical properties to the cured resin.
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2.0 Experimental
2.1 Terms of Reference

MEKP Methyl ethyl ketone pero‘(lde free radlcal 1mt1ator (33% w/w) phthalate -
plasticiser

BPO = Benzoyl peroxide free radical initiator (50% w/w) in phthalate paste
DCPO = chumyl peroxide free radical initiator (99% w/w)

AZBN = 2,2’-Azob151sobutyromtnle free radlcal initiator (99% w/w)

CN= Cobalt naphthenate cure catalyst (1% w/w) in styrene -

DMA = Dimethy! aniline tertiary amine cure catalyst (99% wiw)

DMMP or D (in tables) = Dimethylmethyl phosphénate fire retardant additive
TEP or T’ (in tables) = Triethyl phosphate fire retardant additive

ATH or A’ (in tables) = Aluminium trihydrate fire retarcﬁifant additive -

TCEP or C (in tables) = Trichloroethyl phosphate fire retardant additive

- T*PP (in tables) = Triphenyl phosphate fire retardant additive

M (in tables) = Melamine fire retardant additive

S (in tables) = Stvrene monomer used for cross-linking

A (in tables) = Aliphatic alkyd (adipic acid, maleic anhydride and diethylene glycol)
used

N (in tables) = Aromatic/normal alkyd (malelc anhydride, phthalic anhydnde and
propylene glycol) used

T (in tables) = Triazine monomer used for cross-linking
F (in tables) = Fire testing carried out

phr = parts per hundred parts



2.2 Synthesis program
Several synthetic routes were considered to try and produce a thermosetting polymer
with a high s-triazine content. The entire synthesis scheme can be seen in Appendix

A as Figures Al and A2.

2.2.1 Syn‘th‘esis of 2,4—dichlor0-6—diethylamiho—s-triazine V(Fig. 2. l)ﬂ

CH,CH;
AN S O N N ‘

Y BN dicthylamine Y A CH;CH; - T
I . : I o+ (CH}CHz):NH:_ Cl' .
NYN 0-5°C NYN .

a a

Fig2.1: Synthetic route to 2,4-dichloro-6;diethy1amino-s-triazine .

This synihesis was previously ddcurﬁented in the literature (2015' and proven to be
successful.

A round bottomed flask (21) was placed into an ice bath and fitted with a stirrer,
stirrer motor and thermometer. Water (600ml) was added to the flask, the stirrer
started and the water was cooled to below 5°C. During this cooling period cyanuric
chloride (183g, 1 mole) was dissolved in acetone (400ml). This hot acetone/cyanuric
chloride mixture was rapidly poured into the cold water. The reason for( this was to
create a very fine suspension of the cyanuric chloride in the water in order to increase
the effectiveness of the reaction. The solution was then again cooled to below 5°C.

Diethylamine (146g, 2 moles) was added dropwise to the cyanuric chloride solution.
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It was vital that the reaction temperature never exceeded 5°C during this-process to
prevent di- or tri-substitution of the.triazine,ring. - As the reaction is:yeryiexothermic
this. addition process was very: time consuming.- - After the -addition of -the
diethylamine to the solution, the reacti(.)n was allowed to 'proceed for another hour at
0 - 5°C before being stopped. At the end of the reaction the contents of the flask were
filtered using a Buchner funnel. The solid residue waé then thoroughly washed with
distilled water until these washings were clear. This washing process removed the |
 water soluble (CH;CH,),NH,"CI" that was prbduced asa by;p‘roduct'in. thévﬂr'e»act\i‘odri.ﬂ
The solid was re-crystallised from toluene and dried under vacuum for 2 hours at
65°C. The average % yield for the reaction was between-80 and 90%. 'H and BC
NMR and Mass spectra were taken of the product. The spectra for these are shown in
~ Appendix B as Figures B1 (*C NMR), B2 {'H NMR) and B3 (Mass Spectrum). B

chemical shifts_\:_ 170ppm (aromatic C;Cl);_ 163ppm (aromatic. C-amine), .42ppm

(CH,), 12ppm (CH,). 'H chemical shifts: 3.8ppm (CHy), 1.2ppm (CHj).

2.2.2 Synthesis of 2,4-diethoxy-6-diethylamino-s-triazine (Fig 2.2)

(|:H2CH3 CH2CH3
Y Y CHiCH,  Eihanol + NaOH \“/ X CHZCH3
NYN N __N -
a ’ " OCH,CH;,

Fig.2.2: Synthetic route to 2,4-diethoxy-6-diethylamino-s-triazine

This reaction was also documented in the literature (202).
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A round bottomed flask (21) was placed-into an electric heating mantle and fitted with
a étirfer,‘ s’tirrer motor and a thermometer. Ethanol (99%, 900ml) was poured into thé
flask and’ to-this crushed sodium hydroxide pellets (80g, 2‘ mole) were a‘dded.’ The
sodium hydroxide was allowed to dissolve inﬂ the ethanol undeﬁ:t‘ stm‘mg The
temperatﬁre of t};is solution wés then raised to 32°¢. Uporai reachmg this téinpe;ature
the 2,4-dichloro-6-diethylamino-s-triazine (221g, 1 mole) wésslowlyadded to the
solution. | Care was taken to prevent the temperature of the reactv.ic).n from. éxc_éeding
40°C during the addition process. Again due to the éxoiherr.nic natﬁre of thls re-ac-ti.or;w |
the addition of the reagents took a long peﬁod of timé. :»A’fte:rvthé thriazine has been
--added the reaction was kept at between 30 and 40°C for half an hour after which the
tempefature was raised to between .60 .an‘d47-5°’C T.iu's: Vtevrrrll;-);ratufe was"‘maintained
for a further 3 hours. At the end of the reactlén the conteﬁu of the ﬂé;k were vﬁlte?ed‘
through a hot Buchner funnel to remove the NaCl by—product The ﬁltrate was then
placed into a rotary evaporator where the excess ethanol was removed. After the
ethanol had been evaporatedoff the waﬁn contents of thé; flask wevre pO;l;"ed inté a
beaker. This was becausé the broduct was a s’olidl at roém teﬁéeﬁtﬁre and as such
would be difficult to remove from the e?aporation bﬂask. kTh.e product waS re-
Crystallised from toluene and drled under vacuum for several hours at rborﬁ
temperature. The average yield for this reaction was 85 - 90%. lH *C NMR and
mnass spectra were taken of the product. These can be seen in Appendl.\: B as Fi 1gures
B4 (C NMR), B5 ('H NMR) and B6 (Mass spectrum) "°C chemical shifts: 169ppm
(aromatlc C-0), 163ppm (aromatlc C- amlne) 65ppm (O CH), 4“ppm (N CHﬁ
16ppm (alkoxy CH;), 14ppm (amlne CH;). 'H chemical shifts: +4.1ppm (alkoxy
CHy), 3.3 (amine CH.), 1. 1ppm (alkoxy CHj), 0.9ppm (amine CHj).
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'2.2.3 Transesterification of 2,4-dimethoxy-6-diethylamino-s-triazine with a glycol
(Fig. 2.3)

T R SRUSEEIES UL S LSRN o -
(|:H2CH3 CH; ?Hzcm
X CH.CH;  propylene glycol = CH,CH;
N\KN Na S NN
OCH; o }ocril(l:rto-——-'—oH
L “n

Fig. 2.3; Transesterification reaction to produce s-triazine oligomer.

This general synthetic procedure was detailed in literature to be viaﬁle (203).

A three necked round bottomed flask (250ml) was set up with a therrhometer and a
distillation head. A condenser was connected to the distillation head. - A side arm was
then connected to the condenser, to which another round bottofr’ned ﬂask"'""(lOO’ml}' was
connected. Diethylene or propylene glycol (0.062 mole) was poureci into the 250ml
round bottomed flask and Na metal (2.1 x 107 mole)'was dissolved in the glycol.
After the Na had dissolved the triazine (10g, 0.042 mole) was added. The reaction
mixture was then heated to 140 - 155°C. - The reaction ﬁrocéeded for 1.5 hours with
diethylene glycol and 4.5 hours with propylene glycol. The endpoint was judged to be
Wwhen no more ethanol distilled off from the reaction. The two oligomers obtained
were very different in appearance: a dark brown tacky gum from diethylene glycol
and a clear viscous syrup from propylene glycol. BC NMR was carried out on the

Product from diethylene glycol. This spectrum can be seen in Appendix B (Fig. B7).
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Most ,important_”C, chemical shifts: 174ppm[(aromatic C-O (methoxy group),

172ppm (aromatic C-O (glycol) 168ppm (aromatic C-amine). .. .

2.2.4 Synthesis of 2,4-diallyloxy-6-diethylamino-s-triazine (Fig. 2.4)

CHaCI-I3 | CH7CH3
Ny . CH==CHCHO 1
CHaCH3 allyl alcohol \ CHaCH_:,
B o : 3.
_N
Cl 4 ; . OCH,CH=CH, | .

Fig. 2.4: Synthesis of 2,4—diallyloxy-6-diethylamino-s-tria.zine

The reaction was also documented in the literature (202).

A ro.und bottomed flask (21) was placed into an electric héating mantle and ﬁrttédv with
a‘stirrer, stirrer motor and a thermometer. Allyl alcohol (99%, 900ml) was poured
into the flask and to this crushed sodium hydroxide pellets (80g, 2 mole) were added.
The sodium hydroxjde was allowed to dissolve in the allyl alcohol urder stirring. The
temperature of this solution was then raised to 32°C. Upon reaching this temperature
the 2,4-dichloro-6-diethylamino-s-triaziné (221g, 1 mole) was slowly added to the
solution. Care was taken to prevent the temperature of the reaction from exceeding
40°C during the addition process. Again due to the exothermic nature of this reaction
the addition of the reagents took a long period of time. After the s-triazine has been
added the reaction was kept at between 30 and 40°C for half an hour after which the
temperature was raised to between 60 and 75°C. This temperature was maintained

for a further 3 hours. At the end of the reaction the contents of the flask were filtered
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through a hot Buchner funnel to remove the NaCl by-product. . The filtrate was then
placed into a rotary evaporator where the excessballyl aléohol was removed. Aftérl the
allyl alcohol had been evaporated off the warm coﬁtents of the flask were poured into
a beaker. It was found from GC - MS analysis that the product was contaminated
with up to 8% impurities. These included starting material, the mono-substituted
alkoxy triazine (2-chloro-4-allyloxy-6-diethylamino-s-triazine). It was concluded that
the reaction was not proceeding to completion (see iAppendix C Figs. C1 (mass
spectrum of starting material), C2 (mass spectrum of mbno-substitufed- produét) aﬁd

C3 (mass spectrum of desired product) -

2.2.4.1. Modification of synthesis of 2,4-dia}lyloxy¢6-diethylamino-s—triazing3}_:_ _

The reaction was set up as previously documented and allowéd to proceed, the
- difference being that the reaction temperature was raised to 96°C, close to the boiling
point of the alcohol. The reaction was allowed to proceed for 10 hours and samples
were removed at half hourly intervals. Each of these samples was analysed using GC-
MS analysis. After this testing the reaction was modified to be carried out at 96°C for
7 hours to ensure complete reaction. The now complete reaction product was purified
by repeat washings with distilled water. This was to remove any aliyl alcohol which
was present after the rotary evaporation of the excess alcohol. The final product from
this purification process was a waxy solid which was dried in a vacuum oven at
100°C for several hours. 'H, *C and mass spectra were taken of the product. These
can be seen in Appendix B as Figures B8 (°C NMR) B9 ('H NMR) and B10 (mass
spectrum). C chemical shifts: 173ppm (aromatic C-O (alkoxy)), 168ppm (aromatic
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C-N (amine)), 135ppm (CH=), 118ppm (=CH), 58ppm (O-CH2 alkoxy), 42ppm (N--
CH,), 17ppm (CH; amine). 'H ch-e}mi"c_al shifts: 6.1ppm (CH=), 5.5ppm (=CHp),

4.9ppm (OCHy), 3.6ppm (N-CHy), 1.1ppm (CH; amine).

2.2.5 Determination of monomer melting point

This was carried out using a hot-stage microscope fitted with éalibr‘ated thenﬁbmeter.
A small sample of the solid monomer ,wasr plaéed béf@éen two_ thin4covc7:f shps, thlS
reduced the thermal lag incurred when using the thicker, normal microscope slides.
The sample was then placed into position on the microscope. After focusing on three
individual crystals, of varying sizes the-sample was heated from a temperature of
25°C. This heating was continued until the crystals had melted. The temperature at
which discernible melting began was noted as well as the temperature at which all the

crystals had melted.

2.3 Curing Unsaturated Polyesters with novel Monomer

Before curing could take place it was necessary to determine whether the new
monomer was miscible with the alkyds that had been supplied. This was simply a
process of melting the monomer into a liquid form and mixing it with the alkyds as

supplied. The composition of these resins is given in Table 2.1.
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i Composition of alkyd (molar ratios of componénts)v' o
Alkydtype | Maleic | Phthalic 12- | Diethylene | Adipic acid

, anhydride anhydride | Propylene glycol S
' ' ' = ~ glycol :

8134 1 - - 2 1
8123 1 1 2 o ;

815 5 1 -6 " - -

8633 1 2 3 - -

Table 2.1: Types and compositions of alkyds used

For the curing process sevéral different initiators vwere used witﬁ variousb accelerators. |
Cure was attempted at both room temperature and elevated temperatures.

The alkyds were mixed with the monomer in a 2:1 monomer:unsﬁimatibn mole ratio.
To small samples of these resins (~20g), the initiator and catalyst were added (see-
Table 2.2 for details of cold cure and Table 213 for dc;tails of hot curé). This mixture
was thoroughly mixed to produce a homogenous mixture of resin, initiator and
catalyst. The cold cure was carried out at room temperature in all cases and the
samples were post-cured where appropriate at 80°C for three hours. In the following
list MEKP = methyl ethyl ketone peroxide (33% w/w in phthalate paste), BPO =
benzoyl peroxide (50% w/w in phthalate paste), DCPO = dicumyl peroxide (99%
powder), CN = cobalt naphthenate (1% w/w in styrene) and DMA = N,N-

dimethylaniline. Cold curing samples were allowed to cure overnight at room

temperature.
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Sample % w/w MEKP | % w/w DCPO % w/w BPO % w/w CN % wiw DMA
A 2 0 0 15 | 06
B 2 "0 0 15 05
c 2 0 0 15 0.4
D 2 0 0 15 03
E L3 0 0 5 0
F 2 0 0 15| 0
G 5 0 0 5 0

»H _ _ 5 = _
T 5 0 0 —— 0
] 10 0 "0 75 0
K 0 0 3 0 03
L 0 0 5 0 09
M 0 0 3 0 05
N 0 0 3 0 05
0 0 0 0 0 1
P 0 0 75 0 1
Q 0 0 75 0 15
R 0 2 0 0 0.1
S 0 2 0 0 0.15

T 0 2 0 0 0.2
u 0 3 0 0 0.1
v 0 3 0 0 0.15
W 0 3 0 0 0.2

Table 2.2: Initiator systems used for cold curing tests.

Preparation of the samples for hot curing was carried out in exactly the same way as

68




the preparation for cold-cure samples. However, these samples were cured and post-

cured in an-oven. The samples which were'cured using a hot-cure process are as

follows:
Initiator % W/w ' - Cure” | Cure Time | Post-Cure | Post-Cure
Temp (°C) (Hrs) Temp (°C) | Time (Hrs
Benzoyl Peroxide | 2% + 3% 80 1 16 1200 | 5
Benzoyl Peroxide | 2% + 3% 80 ' i6 135 3
Benzoyl Peroxide | 2% + 3% 80 16 | 135 5
Benzoyl Peroxide | 2% + 3% 90 16 135 5
Benzoyl Peroxide | 2% +3% | 90 | 16 | 120 3
Benzoyl Peroxide | 2% + 3% 100 i6 140 5
Dicumyl Peroxide | 2% +3% | 80 16 1 120 5
Dicumyl Peroxide | 2% + 3% 30 16 135 3
Dicumyl Peroxide | 2% + 3% 80 16 135 5
Dicumyl Peroxide | 2% + 3% 90 16 135 5
Dicumyl Peroxide | 2% + 3% 90 16 120 3
Dicumyl Peroxide | 2% +3% | 100 16 140 5
AZBN 2% + 3% 80 16 120 5
AZBN 2% +3% | . 80 16 - 135 3
AZBN 2% + 3% 80 16 135 5
AZBN 2% + 3% 90 16 . 135 -5
AZBN 2% + 3% 90 16 120 3
L AZBN 2% +3% | . 100 16 140 .3

Table 2.3: Composition of samples and conditions of cure for hot-cure trials with

NeEw monomer

2.4 Sol-Gel Analysis of Resins Cured with New Monomer

The samples were hot-cured according to the following specifications: The resins
were mixed with the s-triazine monomer in a 1:2 unsaturation in polymer

backbone:monomer molar ratio. Only resins 8123 and 8134, as specified in Table 2.1
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were used. To the resins benzoyl peroxide (93% water damped, 2% w/w and 3%
wiw) or dicumyl peroxide (99%, 2% W/w and 3% wi/w) or AZBN (99%, 2% tw/yv‘ar:ld»
3% wiw) was added. These resins were then cured under the c_ilndi’;ions as shown in
Table 2.3. The resultant cured polymers werg_thcn ground into very fine powders
using a coffee grinder. Samples: of between 7 and 10g were accurately weighed into
large boiling tubes fitted with quickfit stoppers. Diéhloromethane (DCMIOOml) was
added to each sample and the stopper was replaced to scal the tube. Each sample was
then left in the DCM for ten days. The samples wefe shaken Vigrorc’)uslry»t\;virc‘:»é a day
on each day of the test. At the end of this time period the samples were quantitatively
filteréd through accurately pre-weighed filter paper. The filter paper and the solid
residue were then completely dried for 2 hours in a vacuum oven at 50°C.  Once
completely dry the samples were allowed to cool to room temperature under vacuum
before being accurately weighed again. This determined the aﬁlount of the cured
polymer which was insoluble (Gel portion). .The filtrate was also collected and 10cm’
portions were pipetted into a dry and accurately pre-weighed evaporating basin. The
basin and filtrate were then placed into a vacuum oven at 50°C. These samples were
left in the oven until all the DCM had evaporated off. This left the soluble portion of
the polymers. The basin was then accurately re-weighed to determine the amount of
soluble material. This procedure was then repeated but the samples were left for 20

days as opposed to ten.
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2.5 Smoke Testing -

Smoke testing was carried out on 24 samples (each in triplicate). The samples that
were prepared consisted of one of two alkyds: 8134 and 8123 (8134 = 1:1:2 molar
ratio adipic acid:maleic anhydride:diethylene glycol; 8123 = 1:1:2 molar ratio phthalic
anhydride:maleic anhydride:propylene glycol) cross-linked: with either styrene or the
novel monomer. - The samples were treated with various amounts of dimethyl
methylphosphonate, DMMP (0 - 10% w/w), triethyl pﬁosphate .(O - 10%) and
aluminium oxide trihydrate (50 - 100phr). See Tables 2.4 (DMMP), 2.5 (TEP) and
2.6 (ATH) for compositions of gamples tested. -Cur_ing of the styrenated resins was
carried out at room temperature overnight with post-cure at.80°C for 3 hours using
2% w/w MEKP (33% in phthalate plasticiser) and 1.5% ccbait naphthenate (1% w/w
in styrene). Curing of the resins containing the new monomer was carried out at
90°C overnight with post-cure at 140°C for 3 hours using 3% w/w dicumyl peroxide,.
(DCPO). - Sample dimensions were 60mm x 60mm X Smﬁ. Smoke testing was

carried out using a smoke chamber supplied by BIP according to ASTM D 2843.

2.5.1 Testing Apparatus

The smoke testing was carried out according to ASTM 2843, Samplesuof dimensions
60mm x 60mm x 3mm were burnt under standard conditions in an enclosed chamber
as shown in Appendix D (Fig. D1). The chamber was a metal box of dimensions
300mm x 300mm x 790mm with a heat resistant hinged door containing a glass
viewing panel. The chamber was totally enclosed apart ffom four 25mm x 230mm

holes at the bottom of the chamber. Inside the chamber was a specimen holder and
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the burner. - The holder consisted of two pieces:- firstly the actual sample holder
which was-a metal frame made to the same dimensions-as the sample and secondly
another metal frame, the same size as the first, suspended directly under the sample
holder containing a metal mesh to catch-any drips from the specimen. The burner
was made to prescribed specifications (for details of this see ASTM 2843) and was
positioned under the specimen diagonally across tﬁe chamber and at an angle of 45°
to the plane of the specimen. The burner was fuelled by pfopane gas at a pressure of
40 psi. . -

The means of smoke detection and quantification was a photoelectric cell. A light
* source was positioned on one side of the chamber so. that it shone directly across the
width of the chamber into a photometer which-detected and quantified the-amount of
light passing through the chamber. This photometer waééconngcted to a YT recorder
which plotted a graph of light absorption vs time (See >Appendix D for diagram of

chamber).

2.5.2 Testing Method

The specimens were weighed befére the test. The photometer was calibrated before
each test at 0 and 100% obscuration. The sample was placed onto the sample holder
and the flame was ignited at the correct pressure. The door was totally closed and
sealed around the edges with tape to prevent any smoke loss through the cracks in the
door. The exhaust vent was closed and the fume cupboard turned off. The flame was
positioned under the sample and the recorder was turned on. The flame was left
under the sample for the entire duration of the test which was 4 minutes. At the end
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of the testing period the chamber was cleared of smoke through the exhaust vent and

the burnt sample was re-weighed to determine the amount. of specimen consumed in:

the test. During the test several observations need to be taken:

1)
2)
3)

4)

5)

Time until maximum light'qbscuration,is reached SR
Tirﬁe ﬁﬁtil flame eXtincﬁb;r:l; »

MaXimum light obscuration

Appéarance of smoke evolséﬁd._ |

Weight of sample burnt during test

After each test the front viewing panel was cleaned é's'We;ll as the light source and the

photometer. Before commencing any -subsequent tests 15 minutes was allowed to

cool the chamber back to room temperature so that the starting temperature of every

test was constant.

toe
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Specimen - % DMMP (w/w) . . |.. _ . %P(ww) . . -% N (w/w)
SADO1 0 0.0 0
SADO2 1 - 02 0
SADO3. 3 0.75 0
SADO04 5 125 0
SADO5 7 174 0
SADO6 10 2,50 0
SNDO1 0 0 0
SND02 1 0.2 0
SNDO3 3 0.75 - 0
SND04 5 125 0
SNDO5 7 1.74 - 0
SND06 10 2,50 0
TADOL 0 0 12
TADO2 1 02 12
TADO3 3 075 12
TAD04 5 1.25 12
TADOS 7 174 12
TADO6 | 10 2.50 12
TNDOL 0 0 12.4
TNDO2 1 0.2 12.4
TNDO3 3 075 12.4
TNDO4 5 125 . 12.4
TNDOS 7 1.74 124
TND06 10 2.50 124

Table 2.4: Details of specimens tested in the smoke chamber, see below for key to

samples

S = Styrene monomer, T = Triazine monomer

A = Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol)

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

D = Dimethylmethyl phosphonate
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_Specimen’ %’,TEP (w/w) % P (wiw) % N (wiw)
SAT’0L ) 0.0 .
SAT’02 1 017 B 0
SAT'03 _ 3 051 o
SAT'04 5 0,85 0
SAT05 7 1.19 o
SAT06 10 L7 o
SNT’OI ) 0.0 0
SNT’02 1 0.17 0
SNT’03 3 0.51 0
SNT’04 5 . 0.85 0
SNT'05 4 L1 T
SNT'06 10 1.70 .
TAT’01 0 00 "
TAT?02 1 017 i
TAT' 03 3 - 0.51 12
TAT 04 5 - 0.85 12
TAT05 7 - 119 12
TAT’OG ) 10 L70 12
TNT0L - 0 0.0 - 124
TNT 02 1 0.17 124
INT'03 3 051 124
TNT'04 5 0.85 12.4
TNT'03 7 119 12.4
TNT'06 10 170 12.4

Table 2.5: Details of specimens tested in the smoke chamber, see below for key to

samples

S =Styrene monomer, T = Triazine monomer

A = Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol)

N=Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

T’ = Triethyl phosphate
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- SPECIMEN  ATH (PPH) 966 (% W/W) 980 (% W/W)
SNA’/SAA’01 50 0.5 -
SNA’/SAA’02 75 0.5 -
SNA’/SAA’03 100 0.5 B
SNA’/SAA’04 | 50 L 07 L
SNA’/SAA0S | 75 . 075 . -. AE—
SNA’/SAA’06 100 075 .
SNA’/SAA’07 50 4 . ' 05
SNA’/SAA’08 75 - R R
SNA’/SAA’09 100 .} o -- b 05
SNA’/SAA’10 50 | - 075
SNA’/SAA’11 75 - o 075
SNA’/SAA’12 00 | Lo 075
TNA’/TAA’01 50 . . . 05 I
TNA’/TAA’02 75 0.5 -
TNA’/TAA’03 100 0.5 | -
TNA’/TAA’04 50 T 075 foa
TNA’/TAA’05 75 ) 075 -
TNA’/TAA’06 100 0.75 . -
TNA’/TAA’07 50 - : 0.5
TNA’/TAA’08 75 - - | 0.5
TNA’/TAA’09 100 . : - 05
TNA’/TAA’10 50 - » 0.75
TNA’/TAA’1L 75 - o 0.75
TNA'/TAA'12 100 - 0.75

Table 2.6: Details of specimens tested in the smoke chamber, see below for key to

samples

S= Styrene monomer, T = Triazine monomer

A = Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol)

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

A’ = ATH containing sample - :

966 = Viscosity additive 966 (supplied by BIP), 988 = Viscosity additive 988
(supplied by BIP) | . |

n.B. SNA’/SAA’ etc refers to two separate specimens with the same composition
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2.6 Flammability Testing
2.6.1 LOI Testing

The samples prepared consisted of one of fwo alkyds: 8134 and 8123 _(9134 = 1:1:2
molar ratio adipic acid:maleic anhydride:diethylene glycoi; 8123 = 1:1:2 molar ratio
phthalic anhydride:maleic anhydride:propylene glycol) cross-linked with either
styrene or the novel monomer. The samples were treated with various amounts of -
dimethyl methylphosphonate, DMMP (0 - 20% wiw), 'rriethyl phosphate (0 - 20%
wiw), tnchloroethyl phosphate (0 - 20% w/w), tripheny! phosphate (O 20% w/w) and

melamine (1.875 - 18.75% W/W) Cunng of the styrenated resins was camed out at

room temperature overnight with post-cure at 80°C for 3 hours using 2% w/w MEKP
(33% w/w in phthalate plasticiser) and 1.5%. w/w cobalt naphthenate (1% w/w in
styrene). Cuﬁng of the resins containing the new monomér was carried out at 90°C
overnight with post-cure at 140°C for 3 hours using 3% w/w dicumyl peroxide,
(DCPO). Composmons of the tested samples can be see_n in Tables 2.7, 2{.8, 2.9,2.10
-and 2.11. For the calculation of %N in the samples containing méiamine the
proportion of N as contributed by the triazine.monomer was ignored.
This test is designed to meet ASTM D 2863-70 entitled "Standard method for test for
flammability of plastics using the oxygen index method".
The oxygen and nitrogen lines were attached to the equipment in the specified way
and the analyser and digital display voltmetef were turned on. The equipment was
adjusted so that the displays were working within specified limits according to the
instructions in the manual. The gas cylinders were turned on to a pressure of 29 p.s.i..
The 100% oxygen level was calibrated at an oxygen flow rate of 18 litres/min and
100% oxygen flowing through the chimney. 0% oxygen was calibrated with 100%
nitrogen flowing through the chimney at a flow rate of 18 litres/min.
The samples were prepared in the normal manner and cured in moulds of dimension:
150mm x 6mm x 3mm. 10 specimens of each sample composition were tested.
The sample was placed into the sample holder and placgd into the glass chimney.
The combined gas flow rate was puf at 18 litres/min and set tq the desired oxygen
Percentage. If the sample was émb unknown then -this‘ was normally 25% oxygen. The

chimney was purged at this oxygen concentration for 30 seconds. The sample was
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then ignited with a high'heat ,butané gaslb'gmer. <Th¢ desired oxygen percentage fdr |

the purpose of this test was deemed to be where the Sainplé burnt for a period of three

minutes or a length of 5 cm and then extinguished itself. This percentage of oxygen

was then recorded to be the minimum percentage of oxygen required to sustain

combustion of the sample. -

Specimen % P Additive (w/w) %P (wiw) . |. . %N(ww)
SAFDO1 0 -0 0
SAFDO2 1 025 0
SAFD03 5 1.25 0
SAFD04 10 2.50 0
SAFDOS 20 500 0
SAFTO1 0 0 0
SAFT'02 i 025 0.
SAFT'03 -5 125 0
SAFT'04 10 - 250 0
SAFT'05 20 500 0
SNFDO1 0 0 0
SNFDQ2 1 025 0
SNFDQ3 5 . 125 0
SNFD04 10 2.50 0
SNFDOS 20 500 (I
SNFT'0] 0 0 0
SNFT'02 1 0.25 0
SNET'03 5 1.25 0
SNFT'04 10 250 0
SNFT'03 20 500 0

Table 2.7 Details of styrene based samples tested for LOI

S = Styrene monomer, F = Fire test

A= Aliphatic alkyd (adipié acid, maleic anhydride, diethylene glycol)

N = Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

T’ =Triethyl phosphate, D = Dimethylmethyl phosphonate
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Specimen %P Additive (wiw) | %P(ww) | %N(ww)
TAFDO] 0 0 120
TAFDO2 1 017 120
TAFDO03 5 085 120
TAFDO04 10 . 170 120
TAEDOS 20 3.40 120

TAFET'01 Q 0 120
TAFT'02 1 017 120
TAFT'03 5 085 12.0
TAFT'04 10 170 120 -
TAFT'05 20 3 40 120
TNFDO1 0 0 124
TNEDO?2 1 0.17 124

_ TNFDO3 5 0385 124
TNFD04 10 170 124

__TNFDOS 20 340 124
TNFT01 0 0 12.4
TNFT'02 1 017 12.4
TNFT'03 5 085 124
TNFT'04 10 1.70 12.4

. TNFT'05 20 3.40 124

Table 2.8: Details of triazinated specimens tested for LOI, see below for key to

samples.

T =Triazine monomer, F = Fire test

A = Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol)

N =Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

D = Dimethylmethyl phosphonate

T' =Triethyl phosphate
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Sample %TCEP | - %Pww % Clwiw % N wiw
SAFCO1 0 0 0 )
SAFCO2 T 0.11 037 0
SAFCO3 5 0.55 T8 0
SAFC04 10 111 370 0
SNFCO1 0 0 0 0
SNFC02 1 0.11 T 037 0
SNFC03 5 055 185 "0
SNFCO4 10 11 370 0
TAFCO1 0 0 0 2.0
TAFCO2 1 0.11 037 12,0
TTAFC03 5 0.55 185 120
TAFCO4 10 111 3.70 12.0
TNFCO1 0 0 0 124
TNFCO2 1 0.11 057 124
TNFCO3 5 0.55 185 124
TNFC04 10 111 3.70 124

Table 2.9: Compositions of samples tested for LOI with TCEP as the additive

S = Styrene, T = Triazine monomer, F = Fire test

A = Aliphatic alkyd (adipic acid, maleic anhydride, diethylene glycol)

N=Standard alkyd (maleic anhydride, phthalic anhydride, propylene glycol)

C = Trichloroethyl phosphate
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SERIES % P ADDITIVE T%BWW._ | . %NWW
~ (YoW/W) - - b LD R
TAFT*PPO1 0 0 12
02 I 00949 12
03 5 0.4745 12
04 10 7 R T
05 20 1898 12
TNFT*PPOI 0 0 124
02 I 0.0949 124
03 s 04745 124
04 10 0.949 124
05 20 1898 124
SAFT*PPO1 0 0. 0
02 1 ~0.0949 0
03 5 0.4745 0
04 0 0.949 "0
05 20 7898 0
SNFT*PPOI 0 0 0
02 1 0.0949 0
03 5 0.4745 0
04 10 0,949 0
05 20 1.8 0

Table 2.10: Compositions of samples tested for LOL

T'=Triazine, S = Styrene, N = Normal resin, A = Aliphatic resin,

T*PP = triphenyl phosphate, F = Fire testing
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Specimen | %Padditive | %Pww | %Nadditive | %N wiw*
SAFMDO] o | .o ol g5 | 1925
SAEMDO2 0 0 18.75 12.5
SAFMDO3 | L | o025 1875 108
SAFMDO04 1| 023 1875 . 125
SAFMDOS 10 25 | 1875 125
SAFMDO6 30 - o5 eb o iqggs ool 105
SAEMT01 0| o 1875 | 125
SAFMT'0? 0 0 = 1875 | i2s
SAFMT'03 ] 1 025 ). 185 | 125
SAFMT'04 1 025 1875 125
SAFMT05 10 ' 25 1 igrs 195
SAFMT'06 0 |- 25 1875 12.5
TAFMDO1 0 0 1875 . | 125
TAEMDO2. 0 0 o g7s 125
TAFMDO3 ] 025 1875 125
__TAFMD04 ] 025 | 1875 1253
TAFMDOS 10 25 4 175 1025
__TAFMDO6 10 25 1875 125
TAEMTO1 0 0 1875 125
TAFMT'0? 0. 0 1875 12.5
TAFMT03 1 025 1875 125
TARMT'04 1 025 | 1875 | 125°
TAFMT'0S 10 25 1875 125

TAFMT06 10 25 1875 125

* : . .. .
This value excludes N present in the triazine monomer.

Table 2.11: Sample compositions of LOI specimens containing melamine, see below
for key

S = Styrene monomer, T = Triazine monomer

A = Aliphatic resin (adipic acid, maleic anhydride, diethylene glycol)
F = Fire test specimen

M= Melamine containing

D=DMMP, T' = TEP
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262 Surface Spread of Flame Testing |

Samples were 2-ply lami"nates made up from a 2:1 resin:gl‘_ass ratio. Styrenated resins
were cured with 2% wiw 50% 'MEKP”ahd"lﬁ5%"'§v/w"1%"'CN' ovemighf: at room
temperature and post-cured at 80°C"for 3 hours. New resins were cured with 3% w/w
DCPO at 90°C overnight and post-c:ured at 140°C for 3 hours. These 1amih§1tes were
machined into 100mm x 225mm x 2 ply specimens. Thesg specimeris wefé marked
with a line efcactly down the centre from top to bottom and with two _:ﬁm:hefr lines at
50mm and 80mm from the top edge. These two latter lines represent the cut off
points for class 1 and class 2 fire performance respectiyely (Fig. 2.5).

Problems were encountefed with the i;fi;)re:ghation 6f the élew triazine system into the
emulsion bound chopped strand mattiné (CSM). It was found that the triazine resin
would not'impregnate’ into the fibres of the CSM at all, leaving the fibres totally
unwetted. This proble;ﬁ was solved by using a boW&er bound CSM which was
compatible with the new resin system. 3'

Flame spread testing was carried out on the apparatus at BIP, Oldbury. This consisted
of a heating filament rated to 1100 = 50 watts, a sémple support and as’é'fe'ty grid.
Surrounding this equipment was a metal guard to pfevent draughts'.'

The apparatus was turned on and allowed to heat up for 4.5 mins. After this the’>guard
was put into place and the element was left:for a further 30 seconds. The sample Was
then placed into the sample holder and slid into place so that it lightly touched the
heating element. The stop watch was started as soon as flames were observed and
stopped immediately upon extinction of the flame. The time of burning and the

distance burnt were recorded. Each sample was tested in triplicate.
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80 mm

50 mm

Fig. 2.5: Diagram of sample and markings at 50 and 80mm

2.7 Thermogravimetric analysis

TGA was used to determine whether there was_any interactio,n between the
phosphorus additive and the triazine resin and to determine the decompositjon stages
of the resins.

The resins were treated with DMMP (20% w/w), TEP (20% w/w) and TCEP (20%
w/w) and cured in the normal manner, as described earlier. The monomer itself was
also homopolymerised by hot curing with 3% w/w DCPO at 90°C for 16 hrs and post-
curing at 140°C for 3 hrs. The homopolymer was also treated with each of the:
additives (20% w/w). The resin sampies were then ground up into a powder and
weighed out into the sample holder of the TGA appératus (~ 5 -10mg). This was then
heated, in air, at a constant heating rate of 20°C/min to 650°C. The progressive

weight loss of each sample was automatically reccrded by the TGA.
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2.8 FT-IR Analysis of Charred Residues

Samples of polyesters based on both styrene and the new triazine ‘monomer were
mixed with the appropriate quantities of TEP, DMMP and TCEP (20% w/w). These
were then cured in the normal manner as detailed in previous sections. Upon
complete post-cunng the samples‘were ground up 1nto fine powders of partlcle sizes
of 250um or less. These samples were then werghed out accurately and placed into a
mufﬂe furmace and heated from 20°C to 600°C ata rate of about 15°C/mm Samples , |
were taken out of the oven at 50°C 1ntervals startmg at 150°C The res1dues were
then made up into KBr drscs using ~ 5mg re51due in SOOmg KBr. Usmg these dlSCS
the IR spectra of the samples were taken on an FT-IR spectrophotometer IR spectrabr
were taken of each of the additives as well as the. resms 1ncorporat1ng the additive
before combustion. This proevedure was repeated using chars from samples' that had
been completely combusted using a Bunsen Biirner on its hottest flame. Complete
combustion was deemed to be vrvhenno more eombustmn could'be spontaneously

supported upon removal of the flame.

2.9 Determination of Initial Char Temperature and Stability

Samples of polyesters based on both styrene and the new triazine monomer were
cured in the normal manner as detailed in previous sections. Upon complete post-
curing the samples were ground up into fine powders of particle sizes of 250um or
less. These samples were then weighed out accurately and placed into a muffle

furnace and heated from 20°C to 600°C at a rate of about 15°C/min. Samples were
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checked at 50°C intervals starting at 150°C. The temperature at which the first signs

of char appeared was noted as was the fe‘r’riperaf"uré‘ at which the char totally &égraded.

2.10 Phosphorus Content Analysis of Char and % Char Determination

The samples were prepared incorporating 20% w/w of the respective additives (TEP,

DMMP and TCEP) and cured and post-cured in the normal manner. - After post-cure

the samples were cut into 60 x 60 x 3mm squares. These squares were accurately

weighed before burning and then subjected to-a Bunsen Burner flame on the highest
setting until complete combustion of the square had taken place. The residual char
was then weighed and the % char formation was calculated.

Samples of the uncharred resins aﬁa the charred residuesv Wefe :digested: ina Kjeldahl
flask by heating vigorously in 98%k éulphuric acid (50ml) containing 1 'titam'um
Kjeldah! digestion tablet. The digestion was carried out .until the in-itially brown
solution had turned yellow. The digestion solution was then diluted to 250ml with
distilled water and analysed for totzrll‘ phospﬁofus confent on an ICP-AES. Calibration
of the ICP was with a phosphorus standard. The aimount of phosphorus remaining in

the char was calculated from the concentration found in the char solution.

2.11 Mechanical Testing
2.11.1 Flexural Testing

Samples of both styrene based and triazine based resins were cured and post-cured as

Previously described. It was vital to ensure that no voids were present in the samples
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as voids adversely affect the results. No additives were added to the tesins for the

purposes of this testing. The samples were then machined into the following sizes:

length: Any length can be used as'long as it is longér than 16 x
thickness of s‘ampld Ll s ,
Width: 10 -12 mm

Thickness: 4 -7 mm

After the samples were machined to size the edges of the specimens were sand
papered for a period of five minutes to ensure that there were no imperfections on the
edges of the specimens. The 't‘esﬁngvvwvas ‘carried on an Instron 1414 using the

following parameters:

Span of bottom sample supports: - 16 x thickness of sample (mm) o
Cross Head Speed:  2mm/min ]
Chart Paper Speed:  2cm/min
Full Scale Deflection: 100kgf

The sample was placed into the sample holder as shown in Fig. 2.6.

:

16d

Fig 2.6: Diagram showing sample in place in sample holder.
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Once the sample was placed into position and the instrument had been calibrated at 0
and 100% full scale deflection the test was started: At the end of the test, when the
sample had failed, the jaws were returned to the starting position and the next sample

was tested.

2.11.2 Heat Distortion Temperature (Method 102G) - -

The apparatus used for this testing is shown in Fig. 2.7.

_ Weights
- Deflection
Gauge
L ]
/ e~ ema-
i == 1
/ Lu UJ ' (I
¢ \ 7 - 3\
r4
/ \\ yd 100 + 2 mm \
I T 7 A
\\
ol bath Sample supports .
Sdrrer ]
Sample

Fig. 2.7: Schematic diagram of HDT apparatus
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The specimens were cured and post-cured in the normal manner for the individual
resins. The samples were then machined into sample sizes within the following
ranges:

Length: - > 110mm !

Width: 98- 12.8mm

Thickness: 3 -Tmm
The samples were measured for their thickness and width _béfoge»ibeipg- placed into-the
oil bath. The samples were placgd, on _theirﬁs’id‘e‘, Symmél:tri_'callllykvzvickr’(‘iss .tlnle' sﬁppg}rts in
the oil bath. In this position the previous width dimension was referred to as the
thickness of the sample and the pre\}idus diménsion f{)r {ﬁicidlg:ss Waé referred .to‘ as
the width of the specimen. Thf: specimen was theyn»s_ubjec't:ed toa bending stress of
1.81 MN/m? (18.5 kgf/mm?). The total mass vin kilograms (consisting of weights and

the rod) to be used is calculated by:

o Sbd’
150L

Where:S = 18.5 (kgmm?)
b = width of specimen as defined above (3 - 7mm)
d = thickness of specimen as defined above (9.8 - 12.8mm)

L = distance between supports in mm

The samples were then allowed to condition in the bath for 5 mins before the
deflection gauge was set to zero. The temperature of the bath was then raised at a rate

of 2°C/min and the temperature at which the deflection of the specimen reaches the
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value given in Table 2.12 was recorded. The mean result of the two specimens was

then taken to be the temperature of deflection under load at 1.81 MN/m’. - e

Depth of test bar (mm) - Standard deflection (mm) -
2Aen 033 .
100-103 0.1
104-106 T gy
10.7-10.9 0x0 |
110-114 T
11.5-119 098
120-12.3 027
124-127 026

12.8 023 .

Table 2.12: Standard deflection needed for defined depth of test bar

2.11.3 Barcol Hardness

The Barcol Hardness rating is used to determine the hardness of a sheet of resin. This

i1s an indication of the degree of cross-linking in the cured polymer. The higher the

hardness value the higher the degree of cross-linking.

Cast sheets of untreated samples were used for this testing. The sheets were prepared,

cured and post-cured in the normal manner for the individual resins. A Barber-

Colman Impressor type 934-1 was used for the testing. The impressor was calibrated

at43-45 and 85-87 hardness units on standard discs supplied by the manufacturer.
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2.12 Scanning Electron Microscopy of the Charred Residues

The charred residugs le_ft qver‘from the phosphorus analysis of the char determination
were blasted with compressed air to remove any loose fragments that may come loose
in the spin coati‘ng chamber of the SEM. The chars were then stuck on the specimen -
holder with a conductive gluc_. Oncvek. secure, the _v:sa,mplesi were coated with twelve

coats of gold. The reason for using so many coats was that the surfaces of the chars

were very uneven and only with so many coa,tsi_co}uld an adequate coverage of goldbe . ...

achieved. The samples were then placed into the microscope and pictures of relevant
structural details were taken. Relevant structural details included voids in the surface
of the char (including the structures within the voids) as well as the general surface of

the charred residues.
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3 R‘eoolytsv and Dis'cuSsiooi

31 The Synthesis Program

3.l.i Intxoodoction; to Syntooois Program o

The rationale thind thislés}o;t:}lésié program was that anewcross-lmklng monoroer’ or
polymer backbone waé feqoired to reouce fhe ﬂammab111tyand smoke ve\vfyol{itioo‘of a
conventio‘oal unsaturated vpolyes;te; resin. In addition to thls it was ‘h&ﬁed;té feduce
styre'ne’ and volatile organic emission.s'frool't'ﬁe resmPrev1ous ottje:mpt'sito alleviate
these problems, although successful, have not achieved these goals using only one
additive/monomer. Usually a mixture of additivos or alternative monomers were
used. It is well known that 1,3,5-triazine derivatives are capable of imparting fire
retardancy into a polymer (melafniné pol'yrﬁéfs are known to be flame retardant and
polyurethanes form isocyanurateé upon ‘éoxﬁbﬁstion' to p’romoté' char bfo’rr‘nation), It
was also thougﬁt that the removal of threé caoboh atoms fro’m the aromatio rin~gbwould
reduce smoke evolution. The ose: of triazine chemistry seemed to be perfectly suited
to provide both fire retardancy and smoke suppression in a polyester.

The choice of starting material was .relatively simple. It has been extremely well
documented that cyanurio chloride is very reactive towards nucleophleic substitution
and that substituents such as amioes‘ and alkoxides can easily be placed onto the
triazine ring. It was also known that alkoxy substituents could be transesterified with
glycols to produce oligomeric triazirie chains. A simple erid—oapping .orocess with an
unsaturated acid could resuit in a cross-linkable triazine oligomer. As the project
revolved around the synthesis of either a novel monomer or a new oligomer, with

large amounts of nitrogen, cyanuric chloride was an ideal starting material. One
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major restriction to the synthesis: was that all of ‘the chlorine had to be substituted
from the ring. The. production: of -a monomer: or f;m oligomer required only two
chlorines to be substituted. To this end a 'Blvoc'ki:ng?’grohplwé'sf needed to remove the'j:
chlorine but not allow tri-substifiiﬁbri of alkoxy. grbﬁps onto the rmgAnamme :
seemed suitable for thisﬂbloCkiri;g group as- it ‘de’-gzic‘ti\“/afedl the d-'c;a‘rﬂbdn to- further
nucleophilic attack and also imparted more nitrogen into the sygteins for smoke
suppression. The entire, envisaged,’ synthes'is*prograrr_l__' is';shqvxflm'i-n} App’end}ivx A as B

Figures Al and A2.

3.1.2 Synthesis of 2,d-dichioro-6-diethylamino-s-triazine
The product froﬁ; the reaction as described in SeCtion‘ 2.1.1 was analysed using 13.C
and 'H NMR as well as mass spectrdméfry. 'Fi'gur‘e 3.1 shows the expectéd produci ‘

with distinct carbons and protons labelled. *

G) 4 L@
CHCHs , /CH2CHs

ad. N 1\4\ AL N N ,
W §[(/2) CH,CH; \( \ ; ‘CHZCH3
N N 3 @ N N ONE)

=z - o
of Y

Cl Carbons a Protons

Fig. 3.1: 2,4-Dichloro-6-diethylamino-s-triazine with distinct carbons and protons

marked.
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The relevant spectra for this product are shown'in: Appendix B (Figures B1-3).

Tabulated results for the spectra are shown in Tables 3.1,.3.2 and 3.3. -

- Carbon Atom Identification”

=C-Cl

C-N (aromatic)

N-CH, (amine)

CH;(amine)

Chemical Shift

- 170 ppm

163 ppm

42 ppm

10013 ppm v

Table 3.1: Chemical shift values and carbon atom identification for peaks shown on

BC NMR spectrum for 2,4-dichloro-6-diethylamino-s-triazine. = .~ = -

Peak Characteristics

Identified Proton

Chemical Shift -~ | * Splitting Pattern |~ Integral Value -
CH, 3.7ppm “ Quartet 68
CH;, 1.1 ppm Triplet 107

Table 3.2: Peak characteristics and peak identification for 'H NMR spectra obtained

from 2, 4-dichloro-6-diethylamino-s-triazine. -

Fragment Peak-
M/z Value 221 206 191 176
Fragment lost Parent Ion CH; CH;CH,; NCH,CH;

Table 3.3: Fragmentation peak identification for the mass spectrum obtained from

24-dichloro-6-diethylamino-s-triazine
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Looking first at the *C NMR it can be immediately seen that the four expected
distinct carbons are indeed present in the trace. From the chemical shifts it can be
seen that the carbon atoms' that are present in.the'triazine ring fall-in the general
region for aromatic carbons. : More importantly the larger carbon peak is further
downfield (170 ppm) than the smaller carbon peak (163 ppm‘).‘ ‘This gives two pieces
of information, firstly the peak which is further downfield is more de-shielded than
the one which is upfield from it. This indicates bonding fo.,a more electronegative
atom which is “pulling” electrons away from the carbonitvhuvs faéiiitating résoﬁaﬂcé at
a lower field intensity. Out of Cl‘ and N the chlorine is the more eléctronegative. This
coupled with the fact that there are two carbons bonded to chlorine and only one
bonded to nitrogen shows that the peak further downfield is the C-Cl carbon and the
peak just upfield from this is the C-amine peak. Using the same principles on-the
remaining peaks it can be seen that the two remaining, equally sized peaks have
differing chemical shifts. The one which is downfield (42 ppm) is; then, more
deshielded than the upfield peak (13 ppm). This must correspond to the CH, attached
directly to the nitrogen on the amine group as nitrogen is more electron withdrawing
than CH,. The remaining peak is, therefore, the terminal methyl group on the amine
substituent.

The proton NMR shows that there are two distinct protons present in the compound,
this is in keeping with the structure of the expected compound. Looking at the
spectrum in more detail it is apparent that one of the proton types (3.7 ppm) is being
de-shielded to a greater extent than the other proton (1.1 ppm). The structure
indicates that this must relate to the CH, protons attached directly to the nitrogen of

the amine group. The quartet splitting pattern of this peak indicates coupling to a
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group containing 3 protons (from the n-1 rule for splitting patterns). The vpeak at 1.1
ppm is, because of its upfield placement, less ‘deshielded%th}in ‘the other proton
indicating coupling to a less electronegative group. The triplet splitting pattern shows
coupling to a group with two protons. The integral values are also of importance in
determining the 1dent1ﬁcat10n of a peak In the case of this proton NMR 1t can be
seen that the ratio of peak 1ntegrals is 68 107 Thls allowmg for shght errors in the
automated integration system isa very good match to the 2:3 proton ratio as expected
from the compound. “
From the mass spectrum only the four largest peaks have been assrgned The main
reason for this is that the NMR spectra have already shown the product to be the
desired product. The mass spectrum was only taken to reinforce this deduction by
giving an indication of the fragments that are present. Ihe parent ion is shown to be
at 221 mass units. This is the expected.R.M:M. of the product which has an empirical
formula of C;H(N,Cl,. The first ﬁagment peak at 206 is equal to a loss of 15 mass
units which is equivalent to the loss of CH;. The second peak at 191 is equal to a
mass loss of 30. This is actually one mass unit more than the expected 29 for the loss
of CH,CH;. It can be assumed, however, that this peak does correspond to the loss of
an ethyl group as there are no other substituent groups or derivatives of groups that
could give a peak corresponding to this weight loss. It could be that some sort of
rearrangement has taken place during fragmentation. The peak at 176 mass units
shows a loss, from the parent ion, of 45 mass units. This corresponds to the loss of
NH,CH,CH; which could be a bi-product of NCH,CH; loss followed by protonation
by two hydrogen atoms. Also of note in the mass spectrum is the presence of an M+2

peak at 176, 191, 105 and 221. This indicates the presence of Cl groups in the
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compound. In summary the three spectra taken of the product prove unequlvocally .

that 2,4- d1chloro-6 dlethylamlno s-tnazme was the product of the reactlon

3.1.3 Synthesis of 2,4-diethoxy-6-diethylamino-s-triazine
The product from the reaction as described in Section 2.1.2 was analysed using °C
and 'H NMR as well as mass spectrometry. Figure 3.2 shows the expected product

with distinct carbons and protons labelled. -

ROXC 1) @

© 6 s 5 R
CH}CH:zO CH:CH:O
i Y“\r |
H/ 3) (@ N\( G <2>
Carbons 0(%—12( ) Protons (3) (4)

Fig. 3.2: 2,4-Diethoxy-6-diethylamino-s-triazine with distinct carbons and protons
marked.
The relevant spectra for this product are shown in Appendm B (Flgures Bd- 6)

Tabulated results for the spectra are shown in Tables 3.4,3.5and 3.6.

Peak Identification
Aromatic | Aromatic | Alkoxy Amine Alkoxy Amine
C-O C-N CH, CH, CH; CH;
Chéehnllical 173 ppm | 163 ppm 64 ppm 43 ppm 16 ppm | 14 ppm

Table 3.4: Chemical shift values and carbon atom identification for peaks shown on

13 o
CNMR spectrum for 2 4-diethoxy-6-diethylamino-s-triazine.
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i Peak Characteristics S
Identification Chemical Shift Sphttmg pattern Integral Value
Alkoxy CH, 4.3 ppm ' Quartet ‘ 0.98
Amine CH, 3.6 ppm Quartet 1.06
Alkoxy CH; 1.4 ppm Triplet 152
Amine CH; 1.1 ppm Triplet 1.66

Table 3.5: Chemical shift values and prot0n ident‘iﬂcetion’ for penks shown on lH

NMR spectrum for 2,4-diethoxy—6-diethy1amine-s;triaZine; |

Peak Identification
Parent ion CH; CH3CH2 OCH2CH3 N(CHzCH;)z
Fragment 240 25 211 195 169
Peak

Table 3.6: Fragmentation peak identification for the mass spectrum obtained ffom

2,4-diethoxy-6-diethylamino-s-triazine.

Looking, initially, at the Be NN[R vspectrum it can be seen that the 6 expected
distinct carbon atoms are indeed present The peak seen at about 80 ppm comes from
the solvent and can be ignored. The two peaks at 173 and 163 ppm give two pieces of
information. Secondly these two peaks fall in the aromatic earbon region. It can be
concluded that these two peaks relate to the C-O and C-N carbons in the triazine ring.
Looking at the chemical shifts it can be seen that the larger of the two peaks is
downfield. Using the principles of de-shleldmg, as described in Section 3.1.2, the
peak at 173 ppm is the C-alkoxy carbon in the triazine ring and the peak at 163 ppm is

the C-amine carbon in the ring. The presence of four distinct carbons, in the 10 - 70
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ppm region, is be expected. Using the prmc1p1es as explamed earher 1t can be seen
that the peak at 64 ppm is the O-CH, carbon atom and the peak at 43 ppm comes’ '
from the N-CH, carbon atom... There 1s very httle resolunon between the last two :
peaks at 16 and 14 ppm. The reason for thlS 1s that the electron w1thdrawmg oroups’
are one carbon atom removed from these groups ’anvd'_so' the ‘d;e-‘shxeldmg effect.
exerted on these otherwise identical carbon atoms 1s greatly reducei The observed

difference in chemical shift comes from the fact that, although the de-shleldmg eﬁ'ect

is greatly reduced, some de-shleldl_ng does_ occur and the extent of thls is dlfferent

between oxygen and nitrogen. The peak at 16 ppm corresponds to the alkoxy CHj

group and the peak at 14 ppm is the amine methyl group.

Four factors must be considered when analysmg the H NMR spectrum These are the

number of peaks, their chemical shift, their splitting pattern and finally their integral

value." Firstly there are four proton peaks which would be expected from the structure

of the compound. From this chemicalb shifts, Splitting'paittems and integral values of
the peaks it can be concluded that the two peaks at 4.3 ppm and 3.6 ppm were caused

by the hydrogen atoms on the CH, groups of the alkoxy and amine substituents

respectively. The final two peaks at 1.4 and 1.1 ppm come from the terminal methyl

protons on the ethoxy group and the protons on the terminal amine methyl group

respectively.

Only a few peaks from the mass sbpectrum have been allocated to fragments. A full

interpretation of the mass spectrum is not necessary as the NMR spectra give

adequate proef as to the nature of the compound. The parent ion peak at 240 mass

units is in keeping with a compound with empirical formula C1HxoN;O,. The first

fragment loss equates to 15 mass units indicating the loss of CH;. The second peak, a
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loss of 29, is caused by the’ loss of an ethyl group The loss of OCH7CH3 is 1nd1cated
by the peak-at 195. Finally the removal of the dxethylammo group 1s mdxcated by the
fragment peak at 169 mass units. In this case, the mass spectrum also gwes some
indication as to the purity of the product 1t can be seen from the fragment peaks that
there are no M+2 peaks. This clearly shows thét” there is no chlorine present in the

compound. This means that there is no starting material or mono-substituted triazine

present. All the spectra prove beyond doubt that the product obtained from the

reaction is 2,4-diethoxy-6-diethylamino-triazine..

3.1.4 Transesterification of 2,4-bdimethoxy-6-bdiethylamino—s-triazine‘ with a:
glycol | |

The idea behind this reaction was 'ro obtain a triazine oligomer which had’ reactive
hydroxyl groups at each end of' the chain. These hydroxyl groups would then be
available for further reaction with an unsaturated acid such as acrylic or methacrylic
acid to give an oligomeric chain wirh reactive unsaturetion at the end of the chain to
use as cross-linking sites. It was deemed vital that the addition of the unsaturated
acids had to take place at both ends of the chain. If this did not occur then it would
only be possible to get a straight chain copolymer with the cross-linking agent. It was
assumed that there was a possibility that the reection would not proceed as expected
and that the glycol group would only displace the alkoxy group at one end of the
chain, leaving only one reactive site for end-capping. The two possible products from
this reaction are shown in F igure 3.3. Only 13C NMR analysis was carried out on this

Product initially, this was to save resources and time if the undesired product had
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been synthesised. The reason for only using C NMR as opposed to proton NMR or
mass spectrometry will become clear. Tabulated resuits of the *C NMR are shown in
Table 3.7. The spectrum itself is shown mAppenchx B(thure B7) .A’{s:’cari’bcbségr{)'
only fhx;ee peaks ‘have been as‘,s.ighéd from the " C NMR This ié becauéé‘thesé kpeaks"‘«

are the most vital in determining the exact nature of the product.

CH3 CHZ CH3

l
HO——CHCH,0 N

. CHs

Desired Product using propylene glycol
and 2,4-dimethoxy-6-diethylamino-s-triazine -~

R ATE

?Hzcm
Y \( CH,CH,
N N
OCH,CHO——H
) CH3

Undesired Product using propylene glycol
and 2,4-dimethoxy-6-diethylamino-s-triazine

Fig. 3.3: Chemical structures of the two possible transesterification products.
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Identity of Carbon

C-O(methoxy gp) | C-O(glycol bridge) C-N (amine)
Chemical Shift C173ppm ) 1725ppm | 167 ppm
Integral Value 2.5 171 9.75

Table 3.7: Identification of peaks in the 166 174 ppm range for the *C NMR of the

transesterification product.

The presence of the peak at 173 ppm 18, arcuably, the most vital piece of evidence in
determining the structure of the product. If the desu'ed product had been obtamed
then there would only be two distinct carbon atoms in the triazine n'ng,-these being
* the carbon atom attached to the amine and the two, identical, carbop afoms cdmlected
to the glycol. Thesé Would also be séén‘in étWo td one iritégral raﬁp. | As can be seen
from the blown up NMR spectrum there are three carbons present in this region and
these are in a 1:7:4 integral value ratio. If it is taken for granted that the peak at 167
ppm corresponds to the C-amine carbon in the ring, then it can be seen, from the
integral value, that there are four of thpsg relative to the C-methoxy carbon in the
ring. This leads to the assumption that the oligomer must bé four repeat units long, or
a multiple thereof. The structure of this is shown in f.igure 3.4: |

The structure of the repeat unit, assuming the undesired prpddct Is present and that it
contains four repeat units, shows that there are indeed three distindf carbons in the
triazine ring and that these wou_ld be present in a 1:7:4k ratio. frorp these results it is
clear that the undesired product has been produced rather than the expected product.

Reasons for this could include factors such as the reaction not being allowed to
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proceed for long enough or that_ an ‘insvufrﬁqig’r’lt’ gulycqll_ excess was used for complete

substitution.

CH~CH3

|
N G N\

(1)
\( CH,CH3

N/N

CHO

CH,CH3

OCHZCH (@) N_(3) N
OY Y 'CH,CH,
CHZCHJ
(") N & N N
CH2CH3
Y CH,CH3
OCHCH ()N (3) N
O\l/ Y CHLCH,

OCH2CHOH
CH,

Fig. 3.4:‘ Structure of undesired oligomer with four repeat units (distinct carbons are

labelled)

- 3.L.5 Synthesis of 2,4-diallyloxy-6-diethylamino-s-triazine

The product from the reaction as described in Section é.1.4 was analysed using °C
and 'H NMR as well as mass spectrometry. Figure 3.5 shows the expected product
with distinct carbons and protons labelled. The relevant spectra are shown in

Appendix B (Figs B8 - B10). Tabulated results of the spectra are shown in Tables

38,3.9and 3.10.
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Fig. 3.6: 2,4-Diallyoxy-6-diethylamino-s-triazine with distinct carbons and protons

marked.

Peak Identification

Ring C-N CH= =CH, - OCH; N-CH; CH;
BRI e (amine)
Chemical | 173 ppm | 168 ppm 134 ppm 118 ppm 67 ppm 43 ppm 13 ppm
Shift e

Table 3.8: Chemical shift values and carbon atom identification for peaks shown on

BC NMR spectrum for 2,4-diallyloxy-6-diethylamino-s-triazine.

Peak Identification

: =CH CH2= OCH;)_ N‘CH2 CH;

Chemical 6.1 ppm 5.4 ppm 4.8 ppm 3.6 ppm 1.2 ppm
Shift : - -

Splitting quintet doublet doublet quartet triplet

pattern : D

Integral 28 60 58 677 108

Value ‘ '

Table 3.9: Peak characteristics and peak identiﬁcation for 'H NMR spectra obtained

from 2, 4-diallyloxy-6-diethylamino-s-triazine.
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- .Fragment Identification -

Parentlon | CH; | CH,CH; | " NCH,CH; | OCH,CH=CH,

Fragment 264 249 |- 235 | 223 207

peak

Table 3.10: Fragmentation peak identification for the mass spectrum obtained from

2,4-diallyloxy-6-diethylamino-s-triazine.

Keeping to the same principles of de-shielding by elerctron'egative érroups;ax.l'd the
resultant downfield shift of the peak it is safe to say that the peaks at 173’ppm and
- 168 ppm on the carbon NMR spectrum relate to the carbon atoms in the rlng attached
to the allyloxy group and the amine group respectively. In the same vein, from the
other spectra that have been obtained, it can be easily concluded that the peaks at 43
and 13 ppm relate to the amine substituent CH, and CHj; groupé respectively.
Unsaturated groups such as alkene groups tend to fall further downﬁeid than alkoxy
carbons, in the 100 - 145ppm range. It is clear, then, that the peaks at 134 and
118ppm relate to the carbons either side of the double bond. The sole remaining peak
must be the OCH, carbon, such éarbdns tending to fall in the 40 - 80 ppm range.

Looking at the proton NMR ftrace it can be assumed that the chemical shiﬁs for the
protons on the amine substituent are the same as for the other compounds previously
described. Therefore, the ﬁeaks at 3.6 and 1.2 ppm must relat¢ to the amine CH, and
amine CH; respectively. The integral values and splitting patterns are also in keeping
with this deduction. Alkene protons tend to fall in the 4.6 to 6.4 ppm range so the

peaks at 5.4 and 6.1 ppm must be from the alkene group. The splitting pattern and the
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integral value of the peak at 6.1 ppm show that this peak ié the =CH peak (coupling to
four protons gives quintet splitting and only one proton has half the integral value of
two). The peak at 4.8 ppm is from the OCH, group and this is in keeping with the
range within which these protons fall (3.6 -‘_75.2' ppm) .

As far as the mass spectrum is concerned the first thmg to see is th‘e"’parent‘ion at 26{1 |
mass units. This would be expected from a compound with an émpirical fo@ula of
Ci3HyoN;O,. The important fragﬁxent ‘pee‘vlks for the «pumééeé of identiﬁcatior; are at
221 and 207. These co"rresponc‘l‘lt'o a fraéﬁent Ioss | of 43 and 57 mass units
respectively. The loss of 43 mass units is equal to thé loss of' an NCH,CHj fragment. ‘
The loss of 57 is the same as losing ‘an OCH,CH=CH, ;'fragme‘nt. | Theré is no
indication of any M+2 peaks in the mass spe‘ctfum.' This indicates that the Compound
is free from chlorine containing impurities such as starting material or mono-

substituted intermediates.

3.1.6 Modification of Monomer Synthesis

During the analysis of the new monomer for purity it was found that the reaction was
hot consistently proceeding to completion, with starting material and the mono-
Substituted product being present in relatively large amounts in the product. This was
discovered using GC-MS analysis of the product. The GC-MS traces of the impure
monomer can be seen in Appendix C (Figs C1-3). The results are, however, tabulated
in Table 3.11. The peak appearing with a retention time of 13.77 minutes has been
identified as being due to the starting material from its mass spectrum. The peak

appearing at 15.95 minutes is from the mono-substituted monomer containing one
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chlorine group and one allyl group. The peak at 17.68 minutes is due to the desired

product (see-Table 3.11 for interpretation of MS traces). .

Possible Fragment Identification

" Peak at 15.96 miarl('

- MS peak label Peak at 13.77 min Peak at 17.66 min
A | Startirig material 7’ Moﬁé—substifu%gd Desired monomer
B CH; loss CH; loss | ] CH; loss
C CH;CH, loss CH3CH2 loss CH3CH2 loss
D CH3CH2N loss Cl loss CH,CH=CH, loss
E CH,CH=CH, loss CH;CHS,N loss
F OCH,CHCH; loss* | OCH,CH=CH, loss
G (CH,CHy),N loss* | (CH;CH)Nloss | (CH;CHp)sN loss*

Table 3.11: Interpretation of MS traces. Refer to GC-MS traces in Appendix C.

* These assignments are not exact, possibly because of proton loss from the fragment

Or some sort of rearrangement reaction.

In trying to improve the synthesis of the monomer the reaction was carried out using

essentially the same procedure as before. Sodium hydroxide pellets (2 moles) were

dissolved in allyl alcohol (900 ml) used and then the triazine (1 mole) was added so

that the temperature never rose above 40°C. It was at this stage that the reaction was

modified. At first it was thought that the reaction had not been allowed to react long

€nough for complete conversion to occur. Here the temperature was allowed to rise
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to 68°C and held for 7 hours. The result was that complete reaction had still not been
obtained. It was then assumed that the temperature mﬁst be critical for complete
reaction to occur. - The reaction was, therefore; carried out at 94°C overnight. The
reaction did go to completion using these conditions. The reaction time needed for
completion was still unknown so during the next synthesis the reaction was "mapped"
to determine the ideal reaction time for complete conversion to occur at 94°C. -

The first sample was taken from the reaction pot after 2'3/4. hours' reaction time.
Samples were then taken periodically over a penodof4 hours gi{fing a total reaction
time of ab(;ut 6 1/2 hours. The ahalysis was cafried out by GC-MS: The results can

be see in Table 3.12

Reaction time ' % Impurities % Desired Product
2.75 hrs 49.1% ‘ 50.9%
3.25 hrs 22.7% , 77.3%
4.5 hrs 14.8% | - 852%
5.25 hrs 7.7% 92.3%
6.5 hrs 0.0% | 100%

Table 3.12: Results from synthesis mapping at 94°C

As can be seen, from the table 100% conversion was reached by 6.5 hrs reaction time.
The GC-MS trace for the complete reaction can be seen in Appendix C (Fig. C4). 1t
was, therefore, decided to use a reaction time of 7 hours and a temperature of 94‘ -

96°C for all future synthesis.
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It was also discovered that batch size affects the synthesis. On a_ZL scale, typically
1.5 moles of starting material, the tsynthesis went to eempletieh ’Wh’en reacted at 94°C -
for 7 hours and gave a product;whie}i‘ 'YVa's{jfree fr'mrri'imp’hritvies. When this was
scaled up te 3L, typically 2.5 moles of vst’aklvlft‘i’nghmeteri-al.; the;ereduef tended_(te be 1
susceptible to ‘disc‘oleurat‘ion and decor.ﬁ‘posvitien when Feected under the s'a‘me"
conditions as the smaller scale reaction.. The synthesis. was, therefore, only,,cam'ed

out on a 2L scale. Final purification of the product involved distilling off the excess |

alcohol and then repeated by‘ Washin'g» the pfeduet with distiiie& water until a cream

coloured, waxy solid was obtained. This was then dried in ‘an oven at 100°C for
several hours. The melting point of this solid was detenhihed, using ak:':hot stage

microscope, to be 28 - 29.5°C.

3.2 Cure analysis

3.2.1 Cold Cure Analysis

Discussion of the cold cure of the resins will be carried out for each initiator system
individually. In the following sections:

MEKP = Methyl ethyl ketone peroxide (33% w/w in phthalate plasticiser), BPO =
Benzoyl peroxide (50% w/w in phthalate paste), DCPO = Dicumyl peroxide (99%
powder), CN = Cobalt naphthenate (1% w/w Co in sfyrene), DMA = Dimethyl aniline

(100%)

3.2.1.1 Methyl Ethyl Ketone Peroxide (MEKP) Initiator System

This initiator svstem relates to samples A-J as described in Section 2.3 of the
CXperimental section. Results are shown in Table 3.13.
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'Composition |

Degree of Cure* |

24hrs@ | 3 hrs @ 80°C

Sample 3 hrs @ 100°C
Room Temp
A, 2% w/w MEKP, | = Slight gelation no change in no change
1.5% w/w C.N,, - evident gelation state
0.6% w/w DMA observed
B 2% wiw MEKP, | no cure evident at | no cure evident at slight gelation
1.5% w/iw C.N,, all all evident
0.5% w/w DMA
C 2% w/w MEKP, | no cure evident at | -no cure evident at’ | ~slight gelation™ "}~
: 1.5% w/w C.N,, all coooall evident
0.4% w/w DMA .
D 2% w/w MEKP, | no cure evidentat | no cure evident at | slight gelation
' 1.5% w/w C.N., all *all evident-
0.3% w/w DMA
E 1.53% w/w MEKP, Slight gelation considerable - no change
1.5% w/w C.N. evident hardening, very observed
' ’ - tacky-
F 2% w/w MEKP, Slight gelation considerable no change
1.5% w/w C.N. - evident hardening, very observed
tacky
G 5% w/w MEKP, Slight gelation no change -no change
3% wiw C.N. evident
H 10% w/w MEKP, | - Slight gelation . no change -no change
3% w/w C.N. evident
I 5% wiw MEKP, Slight gelation no change no change
L 5% w/w C.N. evident
J 10% w/iw MEKP, Slight gelation " no change no change
L 7.5% wiw C.N. evident

* Cure conditions were run subsequently, i.e. room temp. followed by 80°C followed

by 100°C

Table 3.13: Results of cold curing of new monomer with MEKP initiator systems
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These results show, categorically, that room temperature cure of the new triazine

based resin with MEKP is not possible to a satisfactory degree. -

3.2.1.2 Benzoyl Peroxide Initiator System

Results for the cold cure tests with b’énzoyl beroxide‘éfﬁd :c:iimeythyl aniline are shown

in Table 3.14.

Degree of Cure*

Sample

Composition 24hrs @ 3brs @ 80°C | 3hrs @ 100°C
' -~ | Room Temp. | -~ -~ * e
K 3% wiw BPO Reasonable cure No change No change
0.3% w/w DMA | buttackyandsoft’| = = . = R
L 4% wiw BPO Reasonable cure No change No change
0.9% w/w DMA | but tacky and soft L o
M 3% w/w BPO Reasonable cure No change No change
, 0.4% w/w DMA | but tacky and soft , g .
"N 3% w/w BPO Reasonable cure | ~ Nochangé | =~ No change
0.5% w/w DMA | but tacky and soft -
0 10% w/w BPO | Reasonablecure | No change No change
1% wiw DMA but tacky and soft
P 7.5% w/w BPO Reasonable cure, No change No change
1% w/iw DMA hard but tacky
Q 7.5% wiw BPO Reasonable cure, No change No change
1.5% w/w DMA hard but tacky

* Cure conditions were run subsequently, i.e. room temp followed by 80°C followed

by 100°C

Table 3.14: Results of cold curing of new monomer with BPO initiator systems.

Again it was concluded that this initiator system was not suitable for cold curing of

the new monomer
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3.1.2.3 Dicumyl Peroxide (DCPO) Initiator System

None of the samples treated w1th DCPO gelled under any/ of the condrnons of cure
It is thought that the reason MEKP and BPO dxd not produce adequate curmg was that i
they are . not suff iciently compatlble w1th allyl unsaturatxon Le. the free radlcals ‘»
formed from MEKP and BPO are not reactive towards the allyl unsaturation present |

in the new monomer. Normally these 1n1t1ators are used with vmyl unsaturatlon ’

where they are exceptionally effectlve but they have been shown here to be

ineffective with allyl unsaturatlon The reason why DCPO d1d not produce any curing
at all is that its critical temperature i.e. the temperature at Wthh it starts to raprdly
produce reactive free radicals, is 100°C Aand this cannot’ be reduced by addlng a
catalyst or promoter (204). In other words DCPO onlyfworks:xat_temperaturesvof
around 100°C and is totally ineffectis/e for cold-curing. It is evident from this that at

present cold curing of this resin is not a viable option.

3.2.2 Hot Cure Analysis

The idea behind Sol-Gel analysis is that fully cured thermosetting resins are totally
insoluble in solvents. If, however, some monomer is not up used in the cross-linking
process then this would be soluble.

The solvent is left to penetrate into the resin matrix and extract this soluble portion.
The results from the Sol-Gel analysis are shown in Tables 3.15 (soluble portion of

resins) and 3.16 (insoluble portion).
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Benzoyl Peroxide ‘{* Dicuinyl Peroxide |~ AZBN.

2% wiw | 3% wiw | 2% wiw | 3% wiw | 2% wiw | 3% wiw

80°C716hrs/120°C5hrs 28;48% 24.27% | 495% 4.60% 17.00% | 15.98%

80°C 16 hrs/135°C 3 hrs | '18.06% | 17.26% | 3.25% | 3.17% | 15.95% | 15.05%

80°C 16 hrs/135°C 5 hrs 17.52% | 15.53% | 3.65% | 3.04% | 14.65% | 13.56%

90°C 16 hrs/135°C 5 hrs 16.25% | 16.21%. | 2.95% | 3.21% | 15.34% | 15.32%

90°C 16 hrs/ 120°C 5 hrs | 27.45% | 25.52% | 5.77% | 3.96% | 18.94% | 17.56%

100°C 16 hrs/140°C 5 hrs | 16.10% | 14.23% | 3.00% | 5.00% .| 13.26% |-13.54%

Table 3.15: Percentage soluble material determined by Sol-Gel analysis

Benzoyl Peroxide | Dicumyl Peroxide AZBN

2% wiw | 3% wiw | 2% wiw | 3% wiw 2% wiw | 3% wiw

80°C 16hrs/120°C 5 s | 72.35% | 79.00% | 95.02% | 96.32% | 83.52% | 85.21%

80°C 16 hus/135°C 3 hrs | 82.75% | 81.99% | 96.52% | 95.98% | 85.00% | 85.29%

80°C 16 hrs/133°C 35 hrs 84.23% | 86.87% | 97.45% | 96.50% | 86.54% | 82.96%

90°C 16 hrs/155°C Shrs | 85.31% | 85.62% | 93.56% | 95.25% | 86.23% | 86.43%

90°C 16 hrs/ 120°C 3 hrs | 71.65% | 74.63% | 95.87% | 97.67% | 81.96% | 82.85%

100°C 16 hrs/140°C 5 hrs | 85.64% | 87.59% | 96.34% | 94.67% | '87.36% | 86.48%

Table 3.16: Percentage insoluble material determined by Sol-Gel analysis

The first thing to notice from these results is that the combined totals for the soluble
and insoluble portion do not add up to 100% exactly. There are several reasons for
this which mainly lie with the crudity of the experiment. Firstly, the cured polyester
is less dense than the dichloromefhane 56 it floats on the surface of the liquid. When

the solution was agitated the resin had the tendency to remain stuck on the sides of
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the tube. ,Thg: results of this was that not all of the we_ighe,d,rcsin -was used 100% of
the time in the test. This meant that not all of the soluble portion was extracted from
the resins in all cases. In an attempt to compensate for this-the samples were left in
solution longer and shaken less frequently. - This gave roughly the s_amé‘re’sults,as
before. - The ideal method for this extraction would be to use a Soxhlet extraction
system. In this case the samples could be heated to expedite the éxtraction of the
soluble portion. Another advantage would be that the samples;would not need to be
shaken as the dichloromethane would _.be” cont_inuoﬁsly Vdripped ‘,d(.)wn oﬂfo »tllleb
samples. The reason why the sofchlet was not used was because of the sheer number
of samples involved. There were essentially too many samples and too few soxhlet
extractors available for use. Despite this the results can be regarded as a good
representation of the extent of cross-linking in the resins. The results clearly show
that BPO and AZBN do not produce an adequate degree of cure in .the»resins..
Acceptable degrees of cure are when there islrS% o;r legs soluble material léft .in the-
resins. Dicumyl peroxide, on the othery‘hand, shows an excellent dégree‘of cure,
especially when cured at 80°C for 16 hrs and then post cured for 5 | hours at 135°C.
The conclusion drawn from this testing was that this initiator with thése cure

conditions should be adopted as the standard method for curing the new resin.

3.3 Smoke Testing Results

The smoke testing was carried on separate occasions during the project. Initially only
resins treated with DMMP were studied and then at a later stage resins with TEP

were studied. It was found that the results differed quite markedly. These results are
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shown in Appendix E (Table El and Figs. E1 - E4 ;efer to results from testing with |
DMMP and Teble E2 and Figs. ES - E8 refer to testing with TEP). This was assumed
to be because of a fault with the light bulb for the photometer whxch resulted in a new
bulb being inserted into the apparatus. Thls bulb was unfortunately not exactly of the
same type as the old bulb which could no lonoer be obtamed In addition to this,
there seemed to be some probleins“m eeh;ev1ng a satisfactory flame at times during
the testing. To try and Compensate for tﬁeseﬂ discrepancies in testing, the samples -
were prepared, cured and posf—cdred et the same time under exectiy fhe- .ea;ne
conditions. The samples were then tested as‘_qui’ckl_y as was Possible. The results are

shown in Appendix F.

3.3.1 Treatment of Data
As well as recording the time to flame extinction and th‘e’ maxunum llght eb‘sé‘irption :
(this is taken to be the highest point on the graph), the smoke deneify rating and the
amount of smoke evolved per gram of sample burhtwere also calculated. The smoke
density rating is calculated by dividing the total area under the graph by the maximum
possible graph area, i.e. the area given by a maximum 100% light absorption for the
entire four minutes of the test and multiplying this figure by 100 to get a results in
percent, see Fig. 3.7. The smoke per gram of sample is calculated by dividing the

area under the graph by the number of grams of sample consumed during the test.
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IMaximum L-ight Lbsorption .
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Q
e

Mamm‘ g umAr&

] Graph Area

= Light Absorption (%)

Time (Secs)

Smoke Index Rating = (Maximum Area + Graph Area) X‘IOOM H

Fig 3.7: Typical YT plot for smoke evolution showing maximum light obscuration
point and calculation for Smoke Indefc Rating.

It may appear, at first glance, that tﬁe uhi%é for the vtotal smoke evolved and the smoke
evolved per gram or resin burnt are rather peculiar, being 1n seconds and seconds/g
respectively. The reason for this is that um'is for the area under the graph aﬁd the ‘tota‘l
maximum area are a function of both the Y-axis and X-axis units. As the Y-axis is
given as % it has no real units to use. The graph area cao, then, only be{ expressed as
a function of the X-axis units which is seconds. It must be stressed that tMs does not
refer to a time or a definite quantitative amount of smoke. Rat(her, it gives a point of
reference in comparing values from different samples. In this case the maximum
graph area is taken to be 24000 seconds. This is calculated from 60 seconds X 4 (the
length of the test is 4 minutes) x 100 (maximum % value - this has no units). The

results obtained when the samples were tested together are shown in Tables 3.17
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(aliphatic resin with phos'phovrus Vaddli‘tiyés),vahdﬁi..ls (nonhal resin \ésfith'phosphorus“ o
additives), 3.19 (styrenated resins and} ATH) and 3.20 (triazine resins and ATH).
These tesults are shown g‘raphicalvly in Appende - The reason for the use of ATH | _
ties in with the reason why the phosphorus additives w¢revtesteci at differing times.
The initial smoke studies were carried out wnh DMMP :which' is a widely uSed |
additive for unséturated polyestets. It Vwas foutld that thte rttote‘ t)f the t_riéziﬁe tesin
was consumed in the test than the styrenated resin when DMMP was the additive. It
conceivably reduce.ﬂammability' as well as trying an additive which has bé;tl sttotvn_ E
to reduce both flammability and smoke, in this case ATH The résults are shown
graphically in Appendix F (graphs F1- F18). :

The smoke testing results, initially, show two things about the production of smoke as
a result\vof the constituents of the resins. These.are the : c‘ontributiorts to the rtot%il.
smoke catlsed by styrene atnd phthalic anhyctride. In the aliphatic:irésairhl‘é thé pht}tztlic
anhydride was replaced by adipic acid which has no benzene ring. In the triazine
resins the styrene is replaced. Graphs F2 and F7, in Appentlix F, ;hO\v,the amount of
smoke per gram of resin burnt for the normal resins and the aliphatic resins
respectively. These results are also shown in Table 3.17 and 3.18. It can be seen that
on average the normal resins with styrene and no additives produées 3602 sec per
gram of smoke. The equivalent aliphatic resins produce, on average, 2353 sec per
gram smoke. This is a reduction of about 35%. It can, then, be said that 35% of
smoke produced in the normal resin is caused by phthalic anhydride. It must be
stresse/d, at this stage, that this figure for the amount of smoke produced by the

Phthalic anhydride is not an exact figure.
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Sample Tmax (sec) | ODmax (%) | Total smoke Sample Smoke/g Smoke
(sec) Consumed (sec/g) Density
(8) Rating (%)
SADO1 144 76.3 10110 3.88 2605 4212
SAD02 160 863 | 11125 | 314 | 3543 | 4635
SADO3 188 860 | 10110 | 327 3092 9.12
SADO4 172 763 | 10125 | 295 3432 42.18
SADO5 140 38.3 5365 | 2.80 1916 2235
SADO06 140 40.0 5845 260 | 2048 24.35
TADO1 190 27.3 3440 2.98 1154 14.33
TADO2 176 30.0 3670 331 1109 15.29
TADO3 200 26.3 3210 2.95 1088 | 13.38
| TADOS | 196 36.7 3785 386 | 98l 15.77
TADOS 187 32.4 3231 3.5 919 13.46
__TADO6 195 30.2 3000 2.94 1020 - | 1250
SATOI 160 79.0 10140 3.84 2641 4225
SAT02 156 85.3 10765 325 3312 | 4480
SATO3 156 | 2903 12730 3.05 4174 53.04
'SATO4 168 88.3 11745 323 3636 48.90
SATOS 152 59.3 7855 2.76 2846 32.73
SAT06 180 43.0 5950 2.31 2576 24.79
TATO! 186 30.5 3630 2.75 1320 15.12
TATO2 184 28.7 3240 3.40 953 13.50
TATO3 196 30.0 3590 423 849 14.96
TATO4 168 32.7 4210 3. 1363 17.54
TATO5 162 29.1 4231 2.85 1485 17.63
TAT06 164 28.1 4031 1385 16.79

Table 3.17: Results from direct comparisons between aliphatic resin with either

triazine monomer or styrene monomer and treated with either TEP or DMMP.
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Sample Trmax (s€C) ODpux (%) | Total Smoke Sample Smoke/g Smoke
(sec) Consumed (sec/g) Density
(9 ' Rating (%)
SNDO1 128 98.0 15250 431 3583 63.54
SNDO2 136 97.0 14955 3.24 4616 62.31
SNDO3 148 94.0 13775 3.77 3652 57.38
SNDO4 168 89.0 11685 3.56 3283 48.69
SNDOS | 124 933 13820 | 328 014 | 5758
SND06 112 91.3 13670 2.74 4989 56.96
TNDO1 152 46.7 6575 416 1581 27.39
TNDO2 138 52.0 7512 3.38 2223 31.30
TNDO3 156 53.7 8505 4.00 2126 35.44
TNDO4 120 59.7 8370 | = 3.06 2735 | "734.88
TNDOS 135 60.3 8420 | 3.6 2583 ~3§:Qs'
TNDO6 | 129 58.7 8129° 3.54 2296 | 3387
SNTO1 | =~ 2148 98.3 14560 |+ -4.02 - -} 3621 60.66
SNT02 136 97.7 | . 14550 3.44 4248 60.62
SNTO03 152 96.0 13830 . 3.06 4520 | 57.62
SNT04 112 91.0 13255 2.66 4983 55.23
SNTO05 128 78.7 11365 2.73 4163 47.35
SNT06 132 75.5 11175 - 2.86 3908 46.56
TNTO1 132 53.0 8175 4.39 1863 34.06
TNTO02 140 47.7 7055 436 1618 29.39
__TNTO3 96 58.0 8875 4.03 2202 36.98
__TNTO4 132 48.0 7508 4.25 1766 31.28
__TNTO05 120 49.2 7259 3.97 1828 30.25
|__TNTO06 132 50.3 7356 4.01 1834 30.65

Table 3.18: Results from direct comparisons between normal resin with either

triazine monomer or styrene monomer and treated with either TEP or DMMP.
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Sample | Tmax (5€C) ODp« (%) | Total smoke Sample: » Smoke/g Smoke
(sec) Consumed- i(s'ec/g) Density
| @ | | Rating (%)
SNAOL' 240 613 5155 477 1081 21.48
SNAO2 240 38.6 3245 448 724 13.52
SNAO3 240 47.0 3525 142 2482 14.69
SNAO4 240 54.6 5300 5.18 1023 22.10
SNAOS 240 32.0 2880 462 623 12.00
SNA06 240 47.5 3323 1.05 3164 13.84
SNAO7 240 48.7 4075 5.36 - 760 16.98
SNAOS 240 333 2665 4.66 573 11.52
SNA09 240 30.0 1680 1.42 1289 7.00
SNA10 240 51.0 4610 5.6 876 19.20
~ SNAlI 240 34.0 2875 433 664 11.98
SNA12 240 40.2 2363 1.53 1544 9.85
SAAOL 228 20.1 3785 453 836 15.77
SAAQ 240 193 1660 3.28 506 6.91
SAAD3 234 28.6 2210 2.04 1083 9.21
SAAO4 216 23.0 1898 4.42 429 7.91
SAAOS 240 23.7 2335 3.54 660 9.73
SAA06 240 20.0 1320 2.78 475 5.50
SAAQ7 240 183 1375 4.46 308 5.73
SAA08 240 20.0 1595 2.78 573 6.64
SAA09 240 315 2055 2.80 734 8.56
SAAIQ 240 213 1455 4.51 323 6.06
SAAIL 228 22.7 1784 2.94 607 7.43
SAAL2 240 25.0 1780 2.87 620 7.42

Table 3.19: Results of smoke testing from styrenated resin samples with ATH and

viscosity additives
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| 1"Sampble

OD iz (%)

Total smoke | -

Sémpie -

Tnay (s€€) - Smoke/g | - Smoke
(sec) = |. Consumed |. (sec/g). |  Density
- " (g) R Rating (%6)
. 240 38.6 4016 "398 . | . 1009 16.73
A 240 295 232 | 412 72 1221
AOS 240 301 2582 200 | 1 12.42
. 240 25.0 3652 R T 1521
TNAGS 240 2.1 2596 356 | 729 16.60
TNADS 240 28.6 2365 0.99 965 9.85
AT 240 273 3521 3.65 563 2134
TNAGE 240 247 2410 3.25 741 10.04
TNAGS 240 22.9 1420 Tez 876 5.92
TNALD 240 274 73950 501 788 . T19.09
TNALL 240 219 2356 35 728 9.82
NALL 240 218 1562 136 1143 6.51
TAAOL 240 14.6 3587 523 571 12.44
' TAAG2 240 142 1420 432 w328 5.92
TAAGS 240 12.8 1565 2.51 623 6.52
TAAGE 240 16.1 1253 AT 367 522
TAAGS 240 1438 1352 165 519 563
TAAOS 240 32 943 1.98 476 3.03
TAAQT 240 206 1032 3.89 265 33
TAAQR 240 174 1348 2.65 508 562
TAADS 240 178 1432 198 723 5.97
TAALD 240 11.8 923 2.97 310 3.84
- AALL 240 147 1241 1.98 626 517
TAAL 240 194 631 1.02 618 2.63

Table 3.20: Results of smoke testiﬁg from triazine resin samples with ATH and

Viscosity additives




The reason for the discrepancy lies with the fact it has been assumed that each
component produces an exactly proportionate amount of smoke during combustion.
This is not necessarily the case as.the benzene rings might somehow interact within
the network to produce more smoke than would otherwise be produced. ‘The use of
the smoke per gram resin burnt in this comparison'is to compensate for discrepancies
in the burning behaviour of the resins caused by slightly varying conditions within the
smoke chamber which result in differing amounts of the‘resins.beingiburnt. - This
leads to anomalous amounts of smoke being produced. -

Looking at the effect of styrene on the overall smoke production of the resins it must
be stated that the same principle applies to the effect caused by styrene as for-phthalic. -
anhydride: It must also be said that the triazine ring will also produce a certain
amount of smoke. . In the case of the normal resins (Graph F2-and Table 3.18) the
styrenated resins produce, on average, 3602 seé per Qam of smoke compared to 1722
sec per gram for the triazine resins. This is a reduction of about 52%. In the case of
the aliphatic resins (Graph F7 and Table 3.17) this reduction is in the order 0f:53%.
Again this appears to be disproportionate as the styrene only contributes 35% to the
styrenated resins. The reason why such a large reduction is seen could lie with the
fact that the triazine ring accounts for between 55 - 60% of the resins as opposed to
35%. This could lead to a larger reduction than would be expected because less of
the other carbon rich components are present in these resins.

It is now important to discuss the effects of phosphorus and resin flammability on the
smoke production of the resins. Looking at the normal resins first (relating to Graphs
F1 - F5 and Table 3.18) the first item to consider is the total amount of smoke

produced from the burning polymer as this is more indicative of the true smoke
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behaviour of the resin. For this analysis:the dafafas shown on graphs F1 and F3 are
needed. - Initially, with no phosphorus additives present, the triazine resins give a
smoke’ reduction over the styrenated resins of about 52%. This is reduced to an
average of 38% at 10% 1oéding levels of phosphorus additives.:- The reason for this is
that at these higher phosphorus loading levels the flammability of the styrenated resin
is reduced considerably. On average 33%less 'bf the sample is consumed at 10%
additive level than when no phosphorus is present. In the base of the triazine resins
the effect of the phosphorus on the flammability is negligible. On ax;e-rzigé-only 12% |
less sample is consumed at 10% additive loading level than at 0% additive loadings.
~ This shows that the amount of smoke produced is heavily dependent on the amount of
resin burnt. When a sampie chars due to-the presence of a flame retardant additive
*less flammable material is available for smoke production. These results also show
that the phosphorus is having very little flame retardént effect on the triazine resins. -
In general it can be seen that the presencé of TEP or DMMP causes no major increase
in the amount of smoke produced. TEP does, however; seem to reduce the amount of-
smoke produced in both types of resin, very slightly, over the DMMP. Graph F2 takes
into account the amount of resin actually burnt.. The untreated triazine resins produce
an average of 52% less smoke than the untreated styrenated resins. At the higher
loading levels of phosphorus the smoke reduction caused by the triazine ring is
around 53%. This is constant with the untreated resins. Once again, it appears that at
higher additive loading levels the TEP treated resins produce less smoke than the
DMMP treated resins.

Graph F4 shows that the maximum light obscuration caused by the smoke produced

from burning the untreated triazine resin is about 49% less than that from the
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untreated styrenated resin. The importance of this is that in a real fire situation one
major obstacle to escape is the blackness of the smoke. If,'then, srﬁoke'p’rodi;ced
from a burning resin does not obscure vision the escape would be easier. - At the
higher end of the additive scale this reduction falls to 35%. This change in reduction
of light obscuration can be caused by one of two effects.  The first of these is that at
the higher loading levels of phosphorus leés smokeis produced from the burning
resins which leads to a subsequent reduction in light ébséuration. . The second
possible cause for this phenomenon is that, in a systemlike this one; light obscuration
* is a function of particle size. Srﬁaller particles scatter light more than larger particles
and so would show a higher light obscuration. It is conceivable;.then; that a system
which produces less smoke of smaller particle size would: show a higher light
obscuration value than a system which produces large smoke particles. -

The final graph (Graph F5) relating to the normal resins shows-that, in most cases, the
time taken for the untreated triazine resins to reach maximum light absorption is
longer than the equivalent styrenated resins. - When"phosphorus is ‘present in the
resins, however, this is not the case and the styrenated resins take longer to reach
maximum light absorption. The importance of this only becomes clear when this fact
is considered along with the fact that, in all cases, the triazine resins-took longer to
start producing smoke during the test. It is clear, then, that once these resins start
burning they do so very quickly , producing an initial rush of smoke evolution. The
culmination of the results from the smoke testing of the normal resins is that the
triazine resins reduce smoke production by up to 53% over the styrenated resins. The
problem is that at higher additive loadfng levels the styrenated resins burn less and so

Produce less smoke. This effect, however, is not seen in the triazine resins which
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burn to roughly the same extent irrespective of the amount of phosphorus present-and '
therefore do not show an appreciable reduction in smoke evolution over the additive
content range. This combined with the fact that the triazine resins appear to produce
smoke at a considerably quicker rate than the:styrenated resins means that ‘the
advantages gained by incorporating the triazine ring into the normal resin are reduced
by the rapid smoke production when phosphorus is added to the resins.
In considering the effect of the triazine ring and the addition of the phosphorus to the
aliphatic resins, the same consideration are going to be taken into account as for the R
normal resins (Graphs F6 - F10 and Table 3.17): Again looking initially at the total
+ smoke evolution from the resins. (Graph F6) it is clear that the triazine resins show
- considerable advantages over the styrenated resins when no phosphorus ‘is present.
This is shown by a reduction in smoke evolution by the. triazine resins of 65% over
the styrenated resins. This advantage is increased, in the case of the triazine resins
treated with TEP, up to 5% loading levels. “In the case of the DMMP additive the
overall reduction stays fairly constant. At 7% phosphorus additive levels there is a
marked difference in the smoke production of the styrenated aliphatic resins. The
smoke evolution is reduced from an average of about 10935 sec to as low as 6610.sec.
This reduces the difference in smoke evolution between the two resins to about 40%.
This can be attributed to the fact that at these higher loading levels the flame retardant
effects of the additives is increased to such an extent that much more char is produced
and so a subsequent reduction in smoke evolution occurs. This is shown by the fact
that less of the samples containing the higher additive levels are consumed during the
test. Saying this, however, the difference in sample consumption is much less marked

from loading levels of 3% onwards. This, then, would seem to negate the theory that
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lthe reason. for low smoke production comes .predominantlyi from- the reduction:of
sample consumption. It must be considered, fn this argument, that the char in these
resins does not contribute a great deal of weight to the remaining sample but do retain
the carbon rich backbone in the sample so preventing smoke. production. Allowing
for this it is safe to say that a large reduction in smoke could be achieved whilst only
reducing the sample consumption by about 0.5g.

Graph F7 shows the amount of smoke evolved from' the resins whilst taking into
account the amount of sample consumed.. -With no phosphorus additive p‘resént, the
triazine resins reduce the smoke.v evolved per gram or resin by about 53% over the
styrenated resins. Again this reduction is constant up to loading levels of 3% additive.
‘At loading levels greater than this the styrenated resins produce much less smoke per
gram of resin burnt. This-reduction in the smoke, at these levels for the »styrenated
resins, is much greater for resins treated with DMMP. .This can also.be said for the
triazine resins which show a reduction in smoke evolution with. increasing DMMP .
content. At additive levels of 7% and above the reduction of smoke evolved caused
by the introduction of the triazine ring is 52% for the triazine resin with 7% DMMP,
48% for triazine resin with 7% TEP, 55% for the triazine resin treated with 10%
DMMP and 46% for the triazine resins treated with 10% TEP. This shows that,
although there is a reduction in the advantage gained by using the triazine monomer
rather than styrene when phosphorus is present, the triazine resins still -perform
considerably better in terms of smoke production.

In terms of maximum light obscuration (Graph F9) it appears that the triazine resins
cause considerably less light to be obscured than the styrenated resins at additive

levels of 0 - 5%. This manifests itself by the triazine resins only obscuring 36% light
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whereas the styrenated resins obscure a maximum of 88% light. At loading levels of
7% and above the styrenated resins obscure much less light. - In the case of the resins
treated with DMMP the difference in light obscuration between the,’two resins types
drops to 6% at 7% DMMP and 10% at 10% DMMP. In the casé éf TEP however, the
light obscuration difference is 30% at 7% TEP and only 15% ét 10% TEP. It could be
assumed that this reduction in light "obscurationv is a direct fesuit of the drastic
reduction in total smoke evolved fronﬁ the styrénatedA‘fésins.'Thisi phenomenon of

reduced smoke evolution is not seéh .ir‘lvthe triaziné resms s’orthe (.);/efall differences in
light obscuration would be reduced. If this were the case, however, one would expect
this ditference to be in line with the change i total smoke evolved. As has been
discussed, there is a 46 - 55% reduction in smoke evolution from the triazine resins
over the styrenated resins at these higher phosphorus levels. Another anomalous effect
is that-the triazine resins treated with TEP show improved performance in terms of
maximum light obscured but poorer performance in term of total smoke evelved than
~ the DMMP  treated resins. These effects can be explained when-one considers the
data shown in Graph F10 which shows the time to maximum light obscuration. At
additive levels of 3% and above, the triazine resins treated with DMMP take muc’h
longer to reach maximum light absorption than those treated with TEP. The resins
treated with TEP could, then, have a lower maximum but still produce more total
smoke. This principle can also be applied to the comparison between the triazine
resins and the stvrenated resins. In general the styrenated resins reach maximum light
absorption more quickly than their triazine equivalents. It is possible that the total
smoke evolved could be very different even though the light obscuration values are
telatively close together (Fig. 3.8).
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Light Absorption (%)

‘Time (Secs)

Fig..3.8: Schematic representation of area-differences: caused by varying-maximum

values and the respzctive times to:reach the maximum. -

It can beclearly seen that the area mapped under the red line is larger than the:area
mapped under the black line even though the black graph has a higher maximum
point.

The use of ATH was deemed useful as it was thought that -this' would give an
indication as to how the triazine resins would behave in terms of smoke evolution
- when effectively fire retarded. It must be stressed here that these results can in.no
way be directly compared to the results obtained. from the smoke testing with
phosphorus. This is because, in all cases where ATH is added, the amount of resin
actually available for burning is anywhere from 33% to 50% less than was available
in the testing with phosphorus as the additive. The results are shown in Tables 3.19
and 3.20 as well as graphically in Appendix F as Figures F11 - F18. Taking this into
account it is obvious that the resins containing ATH will produce less smoke than the

resing not containing ATH.



Looking at the normal resins first (Tables 3.19 and 3.20, Figures F11 - F15) it can be
seen that in general the largest reduction in smokc"evolution;,by the triazine resins
occurs when only 50phr ATH is present. . This is to be expected as it is with these
samples‘that the most resin,is'presen;., In the other samples the amount of resin is
sequentially reduced and so the effective differences in sample -composition have a
smaller effect on the smoke production of the resin.v The first surprise comes from the
fact that at 100 phr ATH more smoke is produced, for the fesins containing viscosity
additive 966, than for the samples containing 75phr. The reverse is actually exl;ected.
This suggests that this additive acts to produce more smoke. - Again, surprisingly, the
amount of smoke evolved per gram of resin for all samples containing 100 phr ATH
is more than that for samples containing 75 phr. This is particularly curious when one
considers that in excess of 66% less of these samples are consumed during the, test
than samples containing 75 phr. This seems to indicate that at higher loading levels
the ATH actually gives rise to more smoke being produced. This could be a result of
the ATH causing more heat to be radiated away from. the resin and so causing more
incomplete degradation of the resin and so leading to more smoke. Once again
samples containing the 966 viscosity additive produce more smoke than those with
the 980 additive. Surprisingly some of the triazine resins produce more smoke per
gram of sample than the styrenated equivalents. One reason for this could be a lack
of complete sample homogeneity. If, for example, there were areas of the samples
which, due to inadequate mixing or sedimentation of the ATH, had a lower
concentration of ATH then these areas would be relatively resin rich. If these areas

were exposed to the flame then more smoke would be produced. - This is entirely
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possible as some sedimentation of the' ATH did occur with the triazine resins due to
their prolonged cure time and reduced viscosity at high femperaturés. o

As is expected the maximum light obscuration (Graph F14) obtained from the triazine
resins is less than that from the styrenated resins, with the largest reduction being
observed at 50 phr ATH. Overall the amount of smoke produced from all the resins
treated with ATH is less than the untreated resins. - In the case of the 50 phr samples
this reduction would be expected to lie in the region of r33%-because the amount-of
resins present has been reduced by 33%. - The ‘actual value, using smoke per gram
sample consumed data, is 70%.for the normal styrenated resins and 43% for the
normal triazine resins. In both sets of testing the amount of sample consumed is
roughly -equal so the reason for this cannot lie with the fact that less sample-was
consumed. - Rather this indicates that ATH is being consumed*during. the test whilst
not contributing to overall smoke evolution. It is perhaps more; accurate to say that
the ATH is decomposing to release its water content.

Very much the same smoke behaviour is seen with the aliphatic resins ;reated with
ATH (Table 3.19 and 3.20, Figures F15 - F18). There appears to be no vreadily
discernible pattern to total smoke evolution of the various resins (Graph F15) apart
from the fact that the triazine samples produce less smoke than the equivalent
styrenated samples. The amount of smoke per gram of resin burnt (Graph F16) also
appears to have no real pattern save to say that in general there is little reduction, if
any at all, in smoke evolved per gram of the triazine samples burnt over that produced
Per gram of the styrenated resins burnt.

In terms of maximum light obscuration it can be seen from Graph F17 that in all

¢ases, except one, the maximum light obscured by the styrenated resins is greater than
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that obscured by the triazine samples. ,Frolm a .detailed ,,lq;owledge of the sample
preparation it must be assumed that the discrepancies observed in the behaviour of the
triazine resins lies solely with the sedimentation of the ATH and the subsequent lack
of homogeneity in the triazine samples.'As the use of ATH in the triazine samples is
so problematic it is clear that this fire retardant additive may be of little practical use
in this system. On top of this lack of compatibility comes the fact that the triazine
resin on its own delivers a far greater improvement over the .styrenated resins when no
ATH is present. In general then, if ATH were to be used there is no great benefit in
using the . triazine monomer in the resin rather th;m -styrene. regarding. smoke
production.

Summarising the results it is clear that the triazine resin considerably reduces-the -
. amount of smoke produced during combustion in comparison-to the styrenated resins.
This reduction, however, is on a smaller.scale when phosphorus is added to the resins
because of the fire retardant effect of the phosphorus on the' styrenatéﬁ resins. This
causes charring in the resins which retains the carbon rich, smoke - producing
components in the char. This fire retardant effect is not observed in the triazine
resins,

Another problem observed with the smoke testing is that the test itself is inherently
unreliable as far as giving exact quantitative amounts of smoke. -There are several
reasons for this. Such reasons include the deposition of soot on the light source and
photometer which prevents light from passing through to the photometer and so
would give a higher total smoke value. Secondly the chamber was not completely air
tight and so small quantities of smoke were occasionally lost during the tests.

Unfortunately this loss cannot be assumed to be a constant which could also lead to
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misleading smoke resqlts. Thirdly, the total smoke reading in a system like this is
entirely dependent on the amount of light passing through the chambér from the ligﬁt
source to the photometer. = This in turn depends on the smoke: particle size. It is
known that s;r‘laller pafticles scatter Iigﬁt more th'én ié;gel; paﬁiclés, so a certain
amount of small particles Will- Scattéf llght frlore than fhe séme amoﬁﬁt of large
particles. In this situation the smaller particles will show a larger smoke production
than the large particles even though this is not thé case |

The final major problem with this test is the fact that it only subjects the samples to a
single heat flux. It has been idéntiﬁed that smoke production changes dramatically
with varying heat fluxes (205). This test, then; &o‘es not allow the researcher to
discover how the resins will behave with varying hé)atf.ﬂm(evs?' A more useful test
‘would include measures to combat aﬁ.it_hese problems. ':This‘ would inclu;ie a dyn;imic
style test where the smoke is swept _aléng in a stream of air. This would prevent the -
deposition of soot on the optical system. Secondly, if the soot was then' carried
through a pre-weighed filter then the total mass of smoke could be measured. This
would give a much more quantitative measurement of the total amount of smoke
produced. Such a system would have little or no smoke loss due:to leaks and holes in
the system. Finally, the sample could be placed ina tube thro’ughé tube furnace
which was capable of placing the sample under varying temperature conditions and so
varying the heat flux to the sample. A very similar system has been invented by

Whitely (206) with only the filter excluded from the test (Fig. 3.9).
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Fig. 3.9: Schematic representation of improved smoke testing chamber.

Despite the criticisms of the smoke chamber used it must be clarified that the smoke
chamber conforms to ar: accepted standard test for smoke production and that it gives

reasonable qualitative comparisons between samples.

3.4 Fire Testing Results

3.4.1 LOI Testing

The results from the limiting oxygen indexing testing a;re shown in Tables 3.21 (resins
with TEP or DMMP), 3.22 (resins with TPP), 3.23 (resins §v1'th ﬁlelamipe) and 3.24
(tesins with TCEP). These are represented graﬁhcally in the Appendix as Graphs G1
-G8,



, Oxygen Index Value (% 02)
Sample 0l 02 03 | 04 05
SAFD 23.9 18.7 19.23 2009 | 2165
SAFT 18.23 1826 19.27 20.18 21.88
SNFD 18.17 18.74 20.54 20.93 23.65
SNFT' 18.04 1852 2060 | 2120 23.15
TAFD 23.34 2309 |- 2262 2291 | 2275
TAFT 22.99 23,01 2263 22.53 23.20
TNFD 21.01 21.35 22.56 22.74 23.75
TNFT' 22.51 2140 | 2265 22.77 23.60
Table 3.21: LOI Results from fire testing with TEP and DMMP
Oxygeh mdex Value (% O,)

Series 01 02 03 | o4 05
SNFT*PP 1821 18.83 19.62- 2025 2242
SAFT*PP 18.15 18.52 19.51 720.30 122.00
TNFT*PP 22.51 2276 22.65 3281 23.64
TAFT*PP 22.67 22.83 2291 23.29 2372

Table 3.22: LOI Results from fire testing with TPP

O@gen Index Value (% O,)

_ Sample 01 02 03 04 05 06
SAFMD 19.3 21.4 19.9 233 24.8 26.9
SAFMT' 19.5 21.7 20.6 23.5 24.9 26.5
TAFMD 23.6 25.6 23.5 25.9 24.5 26.6

| TARMT | 229 253 23.9 25.8 24.2 26.7
Table 3.23: LOI Results of fire testing with varying amounts of melamine and

phosphorus additives.




-+ Oxygen Index Value (% O,) -
"S;rbntpl;cuS.;ries ot oo 02 o030 04.:
- SAFC 18.3- 185 209 2280
SNFC 184 | 189 - "] 2140 o p 227
TAFC - 22,6 - - 249 251 245
TNFC 216 | 2175 | 248 26.1

Table 3.24: LOI Results for fire testing with TCEP additive.

The first thing to notice from these tests is that there is very little difference in
flammability between the aliphatic ‘and normal resins. ‘In general some testing shows
the untreated normal resins to be more flammable aﬁdsome show the untreated
aliphatic resins to be more flammable. The reasons for this probably lie with slight
temperature fluctuations within the LOI chamber. If the temperature is not kept
constant for eacﬁ\test then varying results will be obtained. This is because resins
become more flammable at higher temperatures. This stems from the fact that
degradation of the resins is more rapid at higher temperatures and so combustion
becomes easier. It can be assumed that there is little or no difference in the
flammability between the normal and aliphatic resins.

The second obvious deduction from these results is that the untreated triazine resins
show on average a 4-5% increase over the equivalent styrenated resins as far as LOI

value is concerned. Technically, from these results, the triazine resins should be self-

extinguishing under normal atmospheric conditions. This is shown by the fact that
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the triazine resins have an LOI values greater than 22%.: -As the atmosphere only
contains 21% oxygen, which is a lower value than is required for the triazine resins to
sustain combustion, the triazine resins will: self-extinguish. This.does not mean that
these resins will not ignite and it does not imply that the self-extinction of the flame is
nearly instantaneous, rather it means that these resins will self-extinguish eventually
although the time scale of this cannot be determined from this test.

Table 3.21 and Graphs G1 and G2 show the testing of the normal and ‘aliphatic resins
respectively treated with either TEP or DMMP. There appears to be very: little
difference in the relative fire retérdant effects of DMMP and TEP. when-used in the
normal resins. Each seems to:improve the LOI value by an equivalent amount.: ‘' The
most important observation is that the presence of the phosphorus has very little effect -
" on the flammability of the triazine resin. The increase in LOI value ffom 0% additive
to 20% additive is on average only 1.9%. For the styrenated resins ‘this increase
amounts to 5.3% giving an LOI value for these resins \f;ihich is roughly equal to the
triazine resins. It is conceivable: that at higher loading levels of the phosphorus
additives the LOI value for the styrenated resins would exceed that of the triazine
resins. This gave an eariy indication that the phosphorus has no real fire retardant
effect in the triazine resins and that there is no synergism between the phosphorus and
the amine group as might have been expected. Indeed there is no effective additive
effect between the triazine ring and the phosphorus either. This latter observation is
also shown by the fact that the graph of LOI vs additive content for the triazine resins
is a straight line (Graphs G1 and 2, yellow and light blue lines). If synergism were
present then this line would curve away from the X-axis with a tailing effect at higher

Phosphorus levels. The line for styrenated resins is also, within experimental error
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| limits, a straight line (Graphs G1 and 2, dark blue and red lines).. This is to be
expected as the fire retardant effect is- dependent on-the phosphorus content
concentration and gives a linear response. It would be expected that, at higher
additive loading levels, the line would tail off as the maximum fire retardant effect is
achieved.

These observations are also seen in the aliphatic resins. It must be stressed here that
the first point on the SAFD series line is an-anomaly and cén be discounted as being
inaccurate. Again it is observed that the styrenated resins have a higher LOI value at
high additive loading levels thaﬁ at low loading levels. This is again not observed
with the triazine resins. One slightly encouraging observation is that at 20% additive
levels the triazine resins still have a 1 - 1.5% advantage in limiting oxygen index -
values over the styrenated resins. Again no additive effect is seen in the: triazine
resins. This, as explained earlier, means that the ph(_)s;phorus additive is somehow
being swamped in the triazine system.

It was initially thought that, because the DMMP and TEP had such relatively low
boiling points, they were evaporating from the triazine resins during the high
temperature cure. To test this theory an additive with a high boiling point was used.
This was triphenyl phosphate. It was thought that, as this additive had such a high
boiling point, it would not evaporate during cure and would then give improved LOI
results. The results in Table 3.22 and on Graph G3 show that this does not occur.
Instead of the expected effect-of increased LOI values for the triazine resins there is
no real increase in LOI values as was seen with the other phosphorus additives. This
indicates that evaporation of the additive from the resin is not the reason for the lack

of fire retardant effects.



The testing with melamine was carried out to test the theory that the basicity of the
amine group attached to the triazine ring was inhibiting the acidic fire retardant effect
of the phosphorus additives. - If this were the case:then thé incorporation of the
melamine, which has three basic amine 'substituents,. into the styrenated resins with
phosphorus would inhibit the fire retardant effect of the phosphorus and so reduce the
LOI values at higher phosphorus additive levels. |

The first factor for comment is the fire retardant effect impa'r_ted‘by only incorporating
the melamine. Table 3.23 and Graph G4 shows the results from adding melamine so
that 1.87% nitrogen is added to fhe systems. Graph G6 shows these results compared
to the results obtained from testing the same resins without melamine. The first thing
to notice from this graph is the increase in LOI values, forithe two resins, caused
solely by melamine. This is shown by the increase at 0% P additive level. - For the
styrenated resins the melamine causes an increase of just-over 1% in the LOI value
compared to the resins with no melamine. For the triazine resins this increase is
much less pronounced and is on average 0.1%. At 1% loading levels of the
phosphorus additives the increase in LOI for the styrenated resins treated with
melamine, compared to those with no melamine, rises to an average of::i.8%. This
increase is slightly more than would be expected if only an additive effect were in
action between the melamine and the phosphorus additives. If the additives were
acting additively it would be expected that the rise is LOI value at the 1% phosphorus
additive level, for the resins with melamine, would only be just over 1%. This is
exactly the same as the increase caused by melamine alone. The-extra increase in
LOI valye could, however, be caused by slight experimental error and is by itself
inconclusive proot for any mild form of synergism.
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At 10% phosphorus additive levels the melamine-containing resins show a very large
increase in LOI value over the resins with no melamine. This increase is 3%. This is
a 2% increase over the expected value, assuming additivity. The triazine resins show
the same sort of behaviour with the LOI value increasing disproportionately to the
expected additive increase. - This increase is 1% at 1% phosphorus additive and 1.4%
at 10% phosphorus additive levels. These results*léad to two important observations,
the first of which comes from relatively poor LOI increaseforf the triazine resins with
melamine. In the case of Graph G4 the melamine is present at-1.87% w/w of the total
resin. The structure of melamine is very similar to that of the triazine monomer and
- 50 can be assumed to act in much the same way in terms of fire rétardant efféct within
. the resin. This small increase in the triazine type fire retardant (as’ mélamine) when
compared to the fact that the triazine monomer already makes up about 55% of the
. total resin is relatively insignificant and such-a largé increase in LOI value would not
be expected.

The second observation of importance to arise’ from these results is the
disproportionate increase iﬁ LOI value seen in the melamine-treated resins. This
indicates that there is indeed some synergism occurring betwéen the melamine and
the phosphorus additives. This synergism is more than likely between the amino
substituents on the melamine and the phosphorus additive. It is possible that the
methoxy or ethoxy groups on the phosphorus additif/es are becoming bonded to the
amino groups on the melamine. This is very similar to the mode of synergy as seen in
poly(acrylamides) with phosphonate-type additives. If this is the case then it proves
that the basic nature of the triazine monomer is not the reason for the phosphorus

additive having no effect in the triazine resins. In fact the graph shows that in the



triazine resins with melamine the phosphorus is having an increased effect on the LOI
value of the resins. ' The results of the ‘melamine testing with 1.9% melamine are
repeated when 18.75% w/w melamine is used in the resins, except that this occurs on
a slightly larger scale. The presence of the melamine alone in the styrenated resins
leads to an increase in LOI of 3%. In the triazine resins this increase is 2%. - At 1%
phosphorus additive levels the increase for the styfénated resins is 5%-and 3% for the
triazine resins. At 10% phosphorus additive loading levels the styrenated Tesins with
melamine show an increase over the styrenated resms ﬁth no. rﬁelamine of ‘S%aI;d
for the triazine resins this is 4%. Again these results are showing some signs of slight
synergism. There are, however,: riot énough results to categorically prove this: theory
of synergism and so this must be classed as a tehtative thought. What is obvious,
though, is that it is"not the basic nature of the triazine that is preventing the
phosphorus additive from behaving normally as a fire retardant. The reaéon mu;t,
then, lie elsewhere.

Table 3.24 and Graph G8 show-the results of the LOI testing carried out with TCEP.
This was carried out because it was thought that if the chlorinated additive only
operated in the vapour phase, as had been previously suggested, then the triazine ring
would not be able to inhibit its mode of action and so LOI values greater than those
obtained using TEP or DMMP would be achieved. If, on the other hand, the two
elements only act additively, as has also been suggested, then again a greater LOI
value would be achieved from the effect of the chlorine in the vapour phase. The
graph shows that there is a reduction in LOI value for the normal stvrenated resins
treated with 10% TCEP compared to those treated with DMMP or TEP. This is

surprising as at 5% TCEP loading levels the LOI value is slightly higher than for the
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equivalent resins with TEP or DMMP. The aliphatic resins, on the other hand, show
an increased LOI value, throughout the TCEP loading level range, when compared to
when they are treated with TEP or DMMP. This leads to the conclusion that the
value for the LOI at 10% TCEP for the normal resin is anomalous and caused by
experimental error. More testing would be needed to give conclusive results as to the
true effect of the TCEP in the styrenated resins. The triazine resins, however, show
quite marked increases in LOI, when treated with TCEP, when compared to the resins
treated with TEP or DMMP. This shows that the triazine ring is not interfering with
the mode of action of TCEP as it does with TEP or DMMP. Whether this is because
the TCEP acts in solely in the vapour phase or whether this is an additive interaction
is not clear from these test results.

In summary, the important observations arising from the LOI testing are that untreated
triazine resins are more inherently fire retardant than untreated styrenated resins but
that phosphorus additives do not have any great fire retardant effect in the triazine-
based resins. This inhibition of the fire retardant effect is not because of the basic
nature of the triazine ring. Indeed, with primary amine substituents, such a ring type
shows some synergy with the phosphorus additives. The use of TCEP in the triazine
resins give much better fire retardance than the use of non-halogenated additives.
The mode of action of this is not readily detectable from this testing. It may be
necessary to modify the triazine monomer so that it contains primary amine
Substituents rather than the tertiary amine substituent that is currently present on the
ring to see if phosphorus-nitrogen synergy is possible in this type of system. In order
t determine the mode of action of the TCEP it will be necessarv to carry out

phosphorus analysis of the chars to see if any phosphorus is left in the char of resins
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treated with this additive. If phosphorus is retamed in the char to a large extent then

this is proof that no phosphorus chlorme synergy is takmg place

3.4.2 Surface Spread of Flame TeSting "

The results for this testmg are shown in tables 3.25 (normal resms) and 3. 26 (allphanc

resins). These are shown graphlcally n Appendlx Has graphs H1 - H9

Sa.mple Burn time (sec)»,s, -Burn length (mm) Bum length/sec
(mm/sec)
SNFSDOI 328 195 Q.59
SNESDO2 229 159 0.69
SNESDO3 . 203 78 0.38
SNFSD04 179 89 0.49
SNEST01 - 299 169 0.36
SNEST'02 230 127 _ 055
SNEST'03 229 125 0.55
SNEST'04 216 120 036
TNESDO1 156 129 0.83
TINESDO2 150 137 0091
TNESDO3 78 46 Q.59
TNESDO4 . 144 75 052
TNSET'01 165 136 0.82
TNEST'Q2 178 109 _0 61
TNFEST'03 138 98 o7
INEST'04 144 % 058

Table 3.25: Results from surface spread of flame tests on normal resin containing
either styrene or triazine with either TEP or DMMP.
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Sample Burmntime (sec) .| . Bum length (mm). Burn length/sec (mm/sec)
SAESDO! 255 121 0.47
SAFSDO2 . : 193 PR R | R 6 41
SAFSDO3 - 217 7 039
SAFSDO04- o201 il g4 o b g36
SAFST'O1 262 115 044
SAEST02 341 L as0 o4
SAESTI03 206 . R0 1 . 039
SAFST'04 214 R4 039
TAESDO1 160 _ , o4 1 .0.59
_TAFSDO2 175 111 , 063
TAFSDO3 181 o o o5 e il 063
TAFSD04 155 68 0.44
TASFT'OL | 180l ep o A 050
TAEST02 . 154 92 060
TAEST'03 144 86 B Y -
TAESTG4 - | 147 - : 65 . .- . 044

Table 3.26: Results from Surface spread of flame testing with aliphatic resif

Graph H1 shows the amount of time that each sample bumnt before extinctien of the
flame. The triazine resins do not burn for as long as the styrenated resins at all of the
phosphorus additive levels. This backs up the results of the LOI testing which show
that the triazine resins are less flammable than the styrenated resins. These results
indicate that DMMP is better at retarding fire in both systems. This is shown by the
fact that the resins treated with DMMP burn for a shorter period of time than those
treated with TEP. Graph H2 shows the flame spread of each sample. 'fhe.ﬁrst most
noticeable observation is that the triazine resins show a smaller surface spread of
flame at all additive levels. Secondly it appears, again, that DMMP is.giving the best
performance in both resin types. Only three samples, however, pass the test. These

samples are the triazine resin with 5 and 10% DMMP and the styrenated resin with
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5% DMMP. Only one of these shows class one performance, this one being the
triazine resin with 5% DMMP.  None . of the resins with TEP give acceptable
performance in this test. It has been shown, however, that additives such as TEP and
DMMP may actually contribute to the flame spread of resins (158) beCause of their
low boiling and flash points. It was found;:in this study, that the optimum:levels for
% phosphorus was 0.2% for TEP and 0.6 - 0.8% for DMMP. - This is not the case in

our study where the optimum levels are slightly higher at: 1.7% for TEP and 0.85% for

DMMP." Also our study showed that for-both types of resin the surface 'spread of

flame was actually reduced by thé presence of the phosphorus additives.

Graph H3 shows the surface spread of flame per second for the samples. In the case
~ of the resins treated with TEP it appears that for all loading levels.of TEP the triazine
resins burn faster than the styrenated resins. At 10% of the ‘TEP, however, the
triazine resin burns at very close to the same rate as the equivalent styrenated resins.
For the resins treated with DMMP it is only at 10% loading levels that the styrenated
resin actually has a slower burning rate than the styrenated resins. It is obvious then
that although the DMMP and TEP may have been implicated in adding slightly to the
surface spread of flame they are, in this case, actually aiding in reducing the surface
spread of flame as well as the burning rate. It is clear that the normal resins require a
better additive to give them acceptable surface spread of flame performance.

For the aliphatic resins Graph H4 shows the amount of time each sample burnt before
flame extinction. As for the normal resins the triazine resins achieve flame extinction
much more quickly than the styrenated resins. This occurs at all loading levels of the
phosphorus additives. On average this reduction in burn time is about 77 seconds. In

terms of actual surface spread of flame it can be seen that, on average, the triazine
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resins treated with TEP have -a lower éurface spread -of flame than the styrenated
resins treated with TEP (Graph H5) ‘The only case where this does not occur is at 5%
loading levels of the additive.  -Surprisingly the resins .treatedjwith ‘DMMP dp-‘not
folléw the expected trend, with the triazine resins having a smaller surface spread of |
flame. The triazine resins treated with DMMP only show. better performance at 0%
and 10% loading levels of DMMP. -1t is only at 10% loading levels of the phosphorus
additives that acceptable fire performance is achieved in the aliphatic triazine:resins:
For the styrenated resins treated with DMMﬂ cl‘a‘ssrfz, fire performance is achieve(‘i‘arl.tr:w
loading levels of DMMP of 5% e-mdoner. 'TEP in the styrenated resins does not give
acceptable fire performagme at any loading levels. Importantly, itféan be seen from
Graph H6 that in all cases the styrenated resins burn more slowly than the ;riazine
resins, the major differences in burn coming at 1 and#5% of the additive loading
levels.

Comparing the behaviour of the ah'phétic resins to the normal resins (Graphs H7 - H9)
it is clear from Graph H7 that the untreated aliphatic styrenated resins have a lower
bumn time than the equivalent normal resins. The triazine resins, on the other hand, do
not show such a clear cut differencé, and allowing for experimental fluctuations, it
can be said that the triazine resins have roughly the same burn fime.r When me resibns
are treated with phosphorus additives it is clear that the aliphatic résins treated with
DMMP actually have a longer burn time théﬁ the normal equivalents, at the additive
levels where these resins show better flame spread performance. It is, then, prudent
to look at the burning rafe of the polymers (Graph H9). The alii)t‘laﬁc“styrenated resin
with DMMP has a slower burn rate than the normal equivalént. In fact, in just about

all cases for all the resins, the aliphatic resins show slower burning rates than the
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normal resins. “Given that the difference in burning times at phosphorus loading
levels of 1% and above, for all resin types, is ‘small and the fact that the aliphatic
resins have a slower burning rate explaiﬁs,why the aliphatic resins have better flame
spread performance. - The reason for the slower burning rates for the aliphatic resins
must lie with the change in structure which-is somehowcausing these resins' to
degrade more slowly than the normal resins.

In summary, the surface spread of flame testing has: shown that overall the triazine
resins do perform better than the styreﬁﬁtéd r»ersin}s.m- Unfbrtunately, however, noneof
the resins show acceptable fire pérformance. The major disadvantage of the triazine
resing is their fast burning rate which means that they burn along a longer distance in
a short time. For the triazine resins to be improved. it is necessary to find out why
they have such a fast burn rate. One area to look at, initially, would be the"diﬁ'erence
that the use of the powder bound CSM makes on the flame spread compared to the

emulsion bound CSM.

3.5 Thermogravimetric Analysis (TGA)

Thermal gravimetric analysis is used to determine the th;rmaly decorriposition
characteristics of a sample. It measurés the weight loss frorﬁ the sam<plle at varibus
temperatures. This way the thermal decompositiori stages of the sarﬁpie can be
determined. The main reason for this testing was to see‘if the triazine resins degraded
more quickly than the styrenated resins af lower temperatures. if this prbved to be the
case then this would provide the explanation for the higher surface spread of flame of

the triazine resins.
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The TG traces for the resins can be seen in AppendixaIfastigur”es [1 and-12 for the
normal styrenated resins with no phosphorus and 20% TEP- respectively; I3 - 16 for
the aliphatic styrenated resin with no phosphorus, 20% TEP, 20% DMMP: and 20%
TCEP respectively, [7 - 110 for the normal triazine resins ‘with ﬁo;phosphorus, 20%
TEP, 20% DMMP and 20% TCEP respectively and I11 - [14 for the aliphatic triazine
resins with no phosphorus, 20% TEP, 20% DMMP and 20% TCEP. respectively.
Each figure has two traces on it, the first being the thermal decomposition profile: of
the sample. This shows how much of the sample rem;u'hs at any‘fgiven‘terrnperaﬁlvre“
during the test. | The second trace, called the first derivative, shows the individual
decomposition stages of the sample.and the:amount of weight loss. each stage
represents. The first derivative also shows the:temperature of each ‘decomposition
stage at which the maximum rate of weight loss occurs. The most important aspect of
this testing, for the purposes of this.prbject, was the direct comparison of the thenhal
behaviour of the triazine and styrenated resins. -

Looking, initially, at the normal, untreated resins (Figs. I1 and 17) it can be seen that
the triazine resin decomposes more quickly than the styrenated resin at lower
temperatures. Indeed the triazine resin begins its first major decomposition stage at
around 234°C peaking at a loss of about 21 %/min at 360°C. The styrenated resin
begins its first major decomposition stage at around 280°C peaking at a weight loss
rate of 24 % per minute at 398°C. The total weight loss of the first decomposition
Stage for the triazine resin is considerably less than that for the styrenated resin. By
around 600°C virtually all of the styrenated resin has .been lost. At the same

temperature around 14% of the triazine resin still remained. - In fact at all
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temperatures above about 390°C the triazine resin retains more of its-original weight
than the styrenéted resin.

From this information an explanation for the increased sﬁrface spread of flame: rate
for the triazine resins can be postulated. It is obvious, from the design of the surface
spread of flame equipment that there is a temperature gradient along the length of the
sample. At the hotter areas of the sample the triazine resin will readily decompose to
release flammable products. This process will happen more quickly than with the
styrenated resin because the triazine resin begins to decompose at lower t-eniﬁeréfﬁfésA
than the styrenated resin. The reason why the styrenéted resin burns longer than the
triazine resin is that it is inherently: more flammable than the triazine resin.

~ Unfortunately no analysis of the thermal decomposition products from . the first
decomposition stages was carried out. This would have given a good indication as.to
the nature of these products and from that their relative flammabilities. ;
The incorporation of phosphorus additives into the resins has the effect-of increasing
the temperature ar which thermal decomposition starts. - In the case of TEP (Fig. 12) in
the styrenated resins this increase amounts to about 42°C with the peak weight loss
rate occurring at 425°C. In the case-of the triazine resin with TEP (Fig. 18) the onset
of decomposition occurs at 280°C with the peak weight loss rate occurring at around
360°C. With DMMP (Fig. 19) the triazine resin initially decomposes at 319°C with
the peak weight loss rate occurring at 382°C. - Finally for the triazine resin with TCEP
(Fig. 110) the initial decomposition stage begins at 303°C with fhe peak weight loss
rate occurring at 402°C. By raising the temperature at which thermal decomposition

starts the surface spread of flame rate will be reduced. This is because the samples
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are ‘more . thermally stable and less prone to::rapid ‘decomposition ~at lower
temperatures. -

- Again, with the aliphétic resins, there are differences between the styrenated and
triazine resins as far as thermal decomposition 1s concerned.  Most importantly in
terms of explaining the fast surface spre’ad of flame is .the temperature of the first
thermal decomposition stage. The aliphatic styrenated resin (Fig. 13) has its first

thermal decomposition stage at around :320°C" which  peaks at 426°C. For the

untreated aliphatic triazine resin (Fig. I11) this stage is at 280°C and peaks at 385° C; IO

So once again the triazine resin ié more prone to rapid thermal decomposition and so
would have a quicker surface spread of flame:

The introduction of phosphorus into the aliphatic resins (Figs. 14 - 16, styrenated
resins, I11 - [14, triazine resins) has the same effect as in‘the normal resins. This is to
retard the initial decomposition stage to a higher temperaturé. The subéequenf effect
of this is'to reduce the decompositioﬁ rate and so reduce the surface spread of flame
rate. Another important fact éﬁsiﬁg from this téstin»gr 1s the apﬁéérance ot" vpeaks
relating to the loss of the phosphorué additive frém .the styfeﬁatéd ‘samli)les. In all
cases where phosphorus is présent in the styrenated fesiﬁé there is an early.weioht lbés
peak relating to the loss of the phosphorus addmve In the case of the triazine resins
this peak is only significant when TCEP is the additive (Flg [14). ThlS indicates that
the triazine resins actually help retain the phosphorus additive in the polymer matrix
whereas the styrenated resins do not. This observatlon obviously needs to be checked
more accurately but does go some way to indicatin‘g an incompatibility problem
between the triazine resins and the phoSphofus additive. [t was stated in the

introduction that for an additive to be effective as a flame retardant in a sample then it
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musf be functional within the main thermal decompositioh range of the sample.
Additives such as TEP and DMMP are used in styrenated polyesters exactly because
they do function in the thermal degradatibn range of these polymers. It has been
shown, however, that the triazine resins actually decompose at entirely different
temperatures‘to the styrenated resins. This means that the polymer has already
undergone decomposition before the TEP and DMMP become effective as flame

retardants. These results gives rise to several items which need investigating in more

-detail in order to prove the theory. These include the analysis' of the phosrprhoru's-.” -

content of the char, the temperature at which charring occurs, an IR investigation into
what happens to the phosphorus additive during combustion and finally the general

structures of the chars formed.

¢

3.6 Char Analysis

This testing was carried out to see if the phosphorus actually remained in the resins as
was indicated by the TGA testing. If the phosphorus is actually retained in the resins
then this would prove that the loss of the additives from the resin is not to blame for
the lack of synergistic interaction. It would also go further to show that the
phosphorus additives and the triazine. resins are incompatible as far as flame
retardance goes. At the same time the amount of char produced from each resin
sample was determined. The results of this testing are shown in Table 3.27. In each
Case the phosphorus additive was used at 20% w/w loading levels. The respective
amount of phosphorus expected for each additive is then 5% for DMMP, 3% tor TEP

-and 2% for TCEP.
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% P found ]
TN Series TA series SN Series - SA Series
P Additive No Char | 9% Char | Charred | No Char | % Char | Charred | No char { % Char | Charred | No Char | % Char | Charred
TEP 33 26.50 5.98 3.25 21.59 6.21 3.15 13.29 5.99 3.45 12.85 4.5
DMMP 4.75 20.24 0.64 4.85 19.42 0.99 5.1 4.68 1.31 4.67 0.00 -0.00
TCEP 2.1 43.06 3.24 2.02 41.97 2.4 210 ) 11.28 2.8 1.99 9.98 3.1
No Additive - 17.06 - - 16.98 - - - - - - -

3.27: Tabulated results for phosphorus analysis of chars.
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Within experimental error, the values obtained for the amount of phosphorus present
before combustion are in keeping with the expected values. In all cases, aSsuming no
phosphorus was lost during combustion, it: would-be ‘expected ,that‘ the: phosphorus
would make up a larger percentage of the chér, than the un-combusted resin.- Tablé
3.28 shows the amount of phosphorus expected for each char based on the amount of

char left at the end of the combustion process. -

% P EXPECTED IN CHARRED SAMPLES -

TNRESIN | "TARESIN | ~SNRESIN |  SARESIN

TEP 12.45 - 15.05 ¢ - |c 23700 | 2685

DMMP »aT | o7 | Tamer | o
TCEP 4.8 T8 | 1871 | 1993

Table 3.28: Expected amount of pho'sph'ofusﬁin charred samples

These results are significant in that they categorically show that phosphorus is indeed
* lost from the resins as they burn. This would be more significant if this only occurred
from the triazine resins. This is not the case and phosphorus is lost from both resins
but remains in the styrenated resins in quantities sufficient to cause Chafring. This
then proves that although the triazine resins do lose phosphorus this is not the cause
of the inactivity of the phosphorus in the triazine resins. This is especially true as it

appears that more phosphorus is lost from the styrenated resins than from the triazine

resins.




It appears that nearly all of the DMMP additive is lost from the resins during -
combustion and that it is relatively poor at causing charring compared to the TEP and |
TCEP_addrrives. It is, also, of nore that the{iintreﬁated triazine resin produces more
char than the styrenated resins with any of the additives ar 20% loading levels. It iét
also important to notice thaf the mcorporatron of the 'phbsphrrni?s'additijrjes into thél
normal triazine resins gives rise to a 3% increase in char formation for DMMP, a
9.5% increase for TEP and a 26% increase for TCEP. These rises in char formation
are very similar in the aliphatic resiné treatedw1th the }‘)ilrosi)horuéha'dditiv.ers.» | Itrs
these rises in the char prodtrétiorr that leads to the Slight increases in LOI r/alue of. the
-triazine resins treated with rhe phosphorus addiii{/eg compared to the rrrrrreated resins.
This increase in char formétio.n cbntradicté the thebry prej\vl'iorisly; put forward that the
phosphorus and the triazine resins are 'the'rmalyly iﬁcompatrblé, ie. ﬁie triazine resin
hasa debompositibn range that rs not tEhe séme as the temp'é.rature: range rvirhin Which
the phosphorus additives become active char producers. It could also be stated that,
as the untreated triazine resin produces more char without innhb.’s';:)hbrusrthan the
styrenated resins with high phosphorus loading"levels‘; the phosr.)ho'rus could not cause
excessive charring in the triazine reéins. If, however, the results obtaineri from the
charring temperature are considered (Table 3.29) along vﬁfh thé information 'gl'eaned
from the TGA work then another theory can be put forward as to the observed low

activity of the phosphorus additives.



TN RESIN TA RESIN SN RESIN SA RESIN
Temp. Initial 260°C 270°C 310°C 315°C
Char (°C) R e
Temp. 100% 650°C . .. 635°C | . . 600°C - 580°C
Char loss B ' N o

Table 3.29: Initial char temperatures aﬁd tempveyraturé's’ fo’r"total char loss for each

untreated resin.

As has been discussed, and has been proved with the results above, the'tda_‘zir'levresins o

decompose to form an initial char at temperatures that are 'much lqwer-than for the .
styrenated resins. The TGA results, however, show thé pho{sphorﬁ\s’ additives_ raise the

initial decomposition temperatures of these to give lower burn rates. | ThlS would have

no real effect on the flame retardance of these resins. f}s it hés rbeen shoWn, the
phosphorus remains in the condensed phasgg 50 it is pofs:sibble tﬁat the phosf)hoﬁls is
actually working as it normally would. The reason why the phosphorus is. only
showing very small effects comes from the fact that, when it is present at 10% loading
levels in the triazine resins, it is only making up about 16% of the total ﬁr:e retardant
content of the resins. In the triazine resins the tﬁazine monomer itself is a char
promoting fire retardant and it makes up approximétely 60% of the totzﬂ résin. The
10% phosphorus additive, then, which is also a char promoter only makes up a small
portion of the fire retardant content of the resin and can ohly contrikbute a small
amount to the overall charring of the combusting resin. In order to test this theory it
is important to show that the phosphorus additi\}es are acting in the same way, during
combustion, in both the styrenated and triazine resins. This can be shown by FT-IR

analysis of the chars obtained trom the burnt polymers.
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3.7 FT-IR Analysis of Resins
The analysis of each individual portion of the vresins is shown'in'Tab,l'es 3.30 - 3.34.
These were carried out from the pure compounds and also from the resins treated w1th

the additives. The spectra for the treated resins are shown in Appendnr J as Flgures Jj1

-J17.
Wavelength (cm™) ____Peak assicnment
2985 L oo oo CHy asymmetric stretch
1480 R O-CH, deformation
1445 | - CH; asymmetric deformation
1394 ” | OCHpwag
1370 » N - CH, symmetric deformatlon
1274 ; - - P=Ostrecch
1167 | : . - . CHyrock -
1100 ' OutOfPlane CHurock
1031/976 e -asymmetric P Q-C deformatton
822/801/744 : symmetric P-0-C deformation

Table 3.30: Peak assignments for TEP additive (207)

Wavelength (cm™) | C | Peak Vassignment
1732 | Cc=Ostretch
| 1600 | bRi_ng deformation
1582 Ring deformation
1280 C-O stretch.
L 1120 0-CH, deformation
745 Ring

Table 3.31: Peaks in IR spectrum from phthalate ester portlon of the unsaturated
polyester resin (UPR) (208) |
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| Wavelength (cm™) 1 Peak aséignmént
1732 | C=O'stretch
1265 ] CC(0)-O streteh
1050 . O?CHz-C asymmetric stretch
979 , - 4 _ trans CH; wag ‘

Table 3.32: IR peaks caused by fumarate ester portion of UPR (208)

Wavelength (cm™) o ' Peak assignment
2959 _ -CH; asymmetric stretch
2855 - | | -CH; symmeiric Stretch
1464 - " _CH, asymmetri¢ deformation
1315 ~ 1 - P-CH; symmetric deformation
1233 . L - P=0
1186 o | CH;-O-P rock
1033 . P.OCH,
9016 |  P.CH; on (OR),P(O)Me
825 - P-O-C symmetric stretch

Table 3.33: Peak assignments for IR spectrum of DMMP (207)

Wavelengath (cm™) : - Peak assignment
2963 CH; asymmetric stretch
2889 CH; svmmetric stretch
1457 CH, asymmetric deformation
1280 P=0 and CH,-Cl
— 1028 P-Q-Et asymmetric deformation
— 972 | P-0O-Et asymmetric deformation

Table 3.34: Peak assignments for IR spectrum from TCEP. n.B. shouldering on peak
at 1280 ¢m-1 is due to the presence of the P=0 and the CH,-Cl group which cause
peaks in the same region. (207)
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The major problem observed in the intérpretation of these spectra is that, one of the -
most identifiable groups in the TEP (Fig J3) i.e. the P=0 group gives rise to a peak in
exactly the same region as the C-C(O)¥O_ ‘group of the fumarate ester and the C-O
group of the phthalate ester. This coﬁid c;ausé’ problerﬁé 1n determmmg the eki'stence |
of the P compound in the UPR. To overcqf:le; this the most oﬁviqus _solution ’i‘s to _léék
at the P-O-C group peaks at 1031 and 976cm™.. As can be seen 1n the non-combusted
samples the TEP is indeed present as indicated by the peaks at 1031 and 976 cm™.

The reason for combustion without the phospho;usl ‘adAdi‘tjivie was to détevrrrijn_eﬁ the R
spectrum of the charred resin without phosphorus (Figs. J6 - normal styrenated, J10 -
normal triazine and J14 - aliphatic _tiiazir__le).v ,No detailed analysis Q,f these spectra was
carried out and their only use wés_ for comparison ‘with the -charred resins with
phosphoms. The first samples that were analyseq were,ihek SN and_TNfresins with
TEP additive (Figs J7 and J11 respectively). There ‘were ;everal peaks which
occurred o the resin with phosphorus additive spectra »w’hich,wer.e notﬂx,:eadily yisible
on the spectra from the resins charred with no phosphorus additive. These peaks were
at 1320, 1260, 1082 and 980 cm™. The peak at 1260 cm-1 could cause problems with
the interpretation if it came from any C-O group from the ester parts of the resin. In
the intérpretation it was therefore important to éliminate the presence of ester groups
and their subsequent peaks on the spectra. It was seen from the spectra that there
were no peaks at 1730 cm’! (indicative of C=0) 1120cm™ (indicative of O-CH, in
phthalate portion) or 1050cm™ (indicative of O-CH,-C asymmetric stretch from
fumarate). This evidence shows that the ester linkages ar‘gnot present in the charred
samples. It can, therefore, be said that the peak at 1260cm™ comes trom a P=0 group

and not a C-Q group. The presence of phosphorus was confirmed from the ICP-AES
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work. - The presence of the above peaks can, then, be-interpreted as follows (Table

3.35)
Wavelength (cm™y - | Peakassignment
1320 N I X
1260 | T 5 '
T — ‘L”“P‘-O-CH3 -
980 S e —

-

Table 3.35: Peak assignments for extra peaks on charred resin + TEP Slpect'ra

These peaks occur in both the TN resins and the SN resins treated with TEP. It is
clear from the spectra that a P-O-P bond has been formed during the combustion
process. The presence of P-O-CH; is also clear as is the presence of P=O. The
requencies of these peaks also gives away a great deal of intiermatioﬁ as to the nature

of the formed compound. From these frequencies there are t\‘;vo:possibiliﬁes (204):

S N
RO 0 OR

Obviously such detailed identification is not possible with a great deal of accuracy

using only IR analysis. It is, however, safe to say that some sort of
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polyphosphate/phosphonate has been produced by the combustion process. There are
no signs of any P-N interaction.

The presence of the triazine ring, then, does I{lOt_zilf:m‘ally inhibit the change which
occurs in the phosphorus additive upon combustion. Much tﬁe éame sort of changes
are seen when DMMP and TCEP are used. These changes are also observed with the
aliphatic resins. It has now been proved that phoéphorus is present in the chars of the

resins and that the same types of phosphorus compounds are formed in both the

triazine and styrenated resins during the combustion process. This, used in

conjunction with the fact that the phosphorus does cause some charring, would seem
to concur with the theory that the phosphorus is acting in its normal manner but that,
as it only constitutes a small portion of the total fire retardant compliment in the resin,
it can only have a very iirﬁited effect in éhar ‘pf(‘)n.lo‘tioh.

It ha's been shown that the triazine resins do have_ better burning behaviokul_r than the
styrenated resins in terms of smoke production, LOI {/alues é.nd.fsurface spread of
flame and that they actually burn faéter than the .styrenated resins. It has also been
shown that there is no phosphorus-nitrogen synergism in this system although this
may be feasible if a primary amine substituent were used rather than the tertiary
amine that is currently being used. Finally, it has been s;;xggesteditha‘t the phosphorus
only has a small effect as it only makes up a small portion of the char-promoting
compounds in the resin. It is now time to consider the relative mechanical properties

of the two resins.
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3.8 Mechanical Testing - .
3.8.1 Flexural Testing of the Untreated Resins

The graph shape obtained from the testing is shown in Fig. 3.10:

Load
(kg)

- Deflection (mm) - o

Fig. 3.10: Diagram showing approximate graph shépe obtained from flexural testing

(some tailing of the graph may occur towards the apex)

The following equations were used to calculate flexural strength and modulus:

Fmax x5 x span x 9.81 = flexural strength
BD?
100454F - Flexural Modulus
BS
Fmax = Max. Load (kg) dF = Full Scale Deflection (kg)
g = Width (mm) 8 = Deflection (mm)

Thickness (mm)

dF and &in the Flexural Modulus calculation were calculated by extrapolating the
graph line along the steepest part of the graph to a pre-determined point along the Y-
- axis. At this point a vertical line was dropped to the X-axis. dF was the full scale
deflection value at the end of the extrapolated line to the X-axis and & was the

deflection from the intersection point of the extrapolated line with the X-axis to the
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point where the downline meets the X-axis. The results are shown in Table 3.36.

Table 3.36: Results from flexural strength testing

161

5.5

Sample | WidthB | Depth | Fmax(kg) | dF(kg) | &(mm) |~ Flex.~ | Flex. Mod.
‘ (mm) D I o Strength | MPa
(mm) |  MPa
ol | 109 | 633 negligible aegligible | negligible ealigible | negligible
a2 | 105 | g35 | neelighle | negligible | negligible | negligible | negligible
sA03 | 108 | 30 | nceligible | negligible | negligible | negligible | negligible
SA04 10.85 6.30 gegligible negligibl§ negligible | negligible | negligible
SA0S | 1075 | 625 | Degligible | negligible | negligible | negligible
SA06 | 1075 | 625 | neeligible | negligible | negligible | negligible | negligible
SAQ7 10.73 6.20 negligible | negligible | negligible | negligible | negligible
SNO3 | 1191 | 415 | 1775 | 40 | 134 | 8455 | 25176
SNO4 | 11.50 | 476 | 27.8 40 9.9 119.57 | 35292
SNOS | 1135 | 460 | 175 | 40 105 | 7892 | 33715
SNO6 | 11.10 | 440 | 25.0 40 125 | 12052 | 28959
SNO7 | 11.09 | 430 | 165 40 | 133 81.46 - | 2742.1
TAOL | 115 | 675 7.8 20 | .21.05 | 2365 | 73867
TA02 | 111 | 680 | 110 20 20.1 3431 | 900.45
TAO3 | 115 | 680 | 10.0 20 | 222 | 3011 | 78692
TAO4 | 115 | 675 | 85 .20 22 | 2578 | 786.92
TAOS | 113 | 675 | 10.25 20 16.4 31.64 | 1084.07
CTNO1 | 111 4.5 3.1 20 4.9 14.61 | 3693.7
TNO2 | 116 | 478 7.5 20 5.2 31.85 | 33306
TNO3 | 116 | 470 | 85 20 49 36.71 | 35345
TNO4 | 115 | 440 | 3.5 20 54| 1629 | 3235.1
_TNOS | 11.8 | 435 2.5 20 6.1 1147 | 2791.1
™06 | 116 | 435 | 31 20 1446 | 31489




Averaged out these results give the following values: :

Specimen_ | Flexural strengih (Mpa) | Flexural Modulus (Mpa)
. SA St ;negligib_le’_v T *negligible "
SN . _ ~-91.49 - . R AT S P xz_3090~e«-;_-_
A T mte L | g
™ 2090(1421) | 3280

Table 3.37: Averaged values for Flexural strength and modulus. (Figures in brackets

are those obtained when exceptionally high or low results are ignored)

The results Show that the styrenated aliphatic-resins have no resistance to Beﬁdihg
(shown by the flexural modulus value) and that they requi;rle Very'littlé' 'forrcv:'é at all to
produce excessive flexing. In contrast to this the SN resins require-the la.rgest émdunt
of force to break (shown by the highest flexural streﬁgth Vélué) and fh;ay also have a
high resistance to bending. The results seem: to indicate that the TN resins have the
highest resistance to bending, shown by the high flexural modulus value, but they
unfortunately have a very low flexural strength. The TA resins have a higher flexural
strength than both the SA and TN resins but, compared to the SN and TN resins have
a relatively low resistance to flexing. This -resistance is much greater than the SA
resins showing that these resins are much less flexible than the SA resins. This loss of
flexibility in the TA resins and the. very low flexural strength-in the TN resins could
be due to the cross-linking monomer having two reactive sites which may lead to a
higher cross-link density in these resins than the styrenated resins. If this is the case
then there would be less "space" for the force to be distributed in the triazine resins
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leading to an increase in brittleness and so-a reduction inﬂexural‘ strength. -This.can
be disadvantageous as in some application‘a high flexural strength is needed.

Initially this problem can be solQed by the: us'¢ of. glassTreinforccme’ntsjwhichWill
greatly improve the performance of the triazine resins. In a longer term approach the
use of a mono-functional monomer may be more advantageous in increasing the
flexural strength of the triazine resin. One _KottAHér fé@;qr to _fddk at in alfgriﬁg the
flexural strength of this resin is the ‘reactivity ratio of the allyl unsaturation to the
cross-link bridges can vary from two styrene units to se'v‘cn.k ’I‘t‘is »thovugt"lt”ﬁ;afwith '
allyl groups there is close to an alternating structure; with the allyl groﬁps showing ‘
little tendency to homopolymerise. We have shown ti_ﬂ'clv'vf-:;the:tria'zi‘né monomer will
.homopolymerise but it may be that it preferentially polymerises with the. maleate
unsaturation. If this is the case then the Same theory app‘lies that the chains are tightly'
bound together and so there is no room for the flexural force to be distributed through

the polymer matrix.

3.8.2 Heat Distortion Temperature

The results from the heat distortion temperature testing are shown in Table 3.38.
These results support the theory that the triazine resins have a higher crosslink density
than the styrenated resins. This is shown by the increase in heat distortion
temperature (effectively the glass transition temperature) of the triazine resins over
the styrenated resins. When a polymer has a high cross-link density then the chains

are tightly bound together. The effect of this is that more energy is needed to soften
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the polymer. This gives rise to .a.higher heat distortion temperature (or glass
transition temperature). The differences in heat distortion temperatures between the

styrenated and triazine resins is quité large }ihdic”:ating‘a lé;éc_ differénce in cross-link

densities.
Sample Width Thickness | Length | Load (kg) | Deflection | Deflection
(mm) (mm) (mam) (mm) | Temp (°C)
SNO1 428 11.75 101 722 30 723
SN02 4.53 11.60 101 744 31 72.6
SA01 ; - 101 - - -
SAQ2 ; ; 101 ; . ;
TNO1 45 11.4 101 714 29 106
TNO2 45 1.2 101 689 29 o
TAOL 6.53 10:38. 101 859 31 56.0.
TAO2 6.60 10.60 101 906 31 58.0 _‘

Table 3.38: Table showing results from HDT testing on all resins. nB. No testing
was carried out for the SA series as these resins deflected fully upon application of

the load at temperatures below room temp.

3.8.3 Barcol Hardness Testing

This testing is carried out to find out how hard the polymer is. This is also an
indication of the crosslink density of the polymer matrix. Basically the resistance to
Penetration by a sharp needle is being measured. When a polymer matrix has a large
Crosslink density then needle penetration is obstructed giving a high hardness value.
Itis often advantageous to have a good hardness as this means that the surface of the

Polymer is less prone to abrasion and erosion. The results are shown in Table 3.38.
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These results are averaged from ten individual readings taken over the entire surface

of &e pol‘yr‘nernsample. |
| _Sample o Lo Barcql Hardqess; o
SAresin . . . | 0
SN resin . : b 3236
TAresin o p o '418-21 :
TN resin B - .1 SR

Table 3.39: Results from Barcol Hardness Testing S

The results show that the triazine ';x'esihs ai'»e” much 'har.def than the cdfrespbndihg
styrenated resins. This again could be due to a higher crt;és—link derisity‘in the fﬁazine
resins.  Factors affecting the Barcol Hardness value iﬁclude"poor cunng at the”
polymer surface caused by oxygen inhibition of the cxiringj‘iarocessf It is 'i:'rnp.prtarit,

then, to ensure that complete curing takes place.
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4, 0 Summary of Results

The main aim of thls sectlon is not only to rev1euv‘the results obtatned from the
project but, perhaps more 1mportantly, to consider how this project con be’ modiﬁed to
give a more acceptable nove’I resin system D o
The synthesis of the new monomer is'a rvelati\;eil'ydeasy two stege rearctionusning
cyanuric chloride as the starttng material to give the intermediate product, 2,4-
dichloro-6-diethylaminotriazine. T.his‘ .reactioni gaue‘conuerst_ons ‘of m e.;(cess ‘of 85%.
From this product two synthetic routes were'thought to be of Vinteres‘t.’f The ﬁrst \uas to
produce a dialkyloxy derivative of this whi‘ch’ could then he transestertﬁedto produce
a triazine - glycol oligomer. The synthetic route to the dialkyloxy tnterrnedi;te!uuas a
simple reaction involving the reaction of an alcohol in thlS case ethanol w1th the 2 4-
dlchloro-6-d1ethylam1notr1azme. The product was 2 4—d1et‘10w-6 dlcthylamlno
triazine, with a conversion of over 90%. The transestenﬁcatton of thlS product w1th a
glycol, in this case diethylene glycol proved p0551b1e but d1d not give the exact
product desired. The glycol was “activated” with sodium metal and then reacted with
the diethoxytriazine derivative. It was hoped that the product would have hydroxyl
end groups at both ends of the oligomeric chain. These end groups would then‘ha‘ve
been end-capped with and unsaturated ac1d to produce a potenualh Cross- hnkable
high nitrogen containing oligomer. It was found, however that onI\ one hydroxyl
group was present at the end of the chain, the other end being an unconverted ethoxy
group. The most probable reason for the failure of this experiment was that there was
not sufficient excess of the glycol to achieve the removal of both ethoxy groups from

the chain. If this synthesis were to be carried out at a future date then a 10:1
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glycol:triaZine‘ ratio may give more desirable results. -The reason for not trying this
was that the synthesis of a potential cross-linking monomer was successful.

This synthesis involved the reaction of the‘2,4'-diChloro’-6"-diethy1aminotriazine ~with
allyl alcohol to give a liquid product, which aﬁef removal of the excess allyl alcohol
using a rotary-evaporator and then washing with water, gave a bwaxy solid with a .
melting point of 28 - 29.5°C.

This difunctional monomer, 2,4-diallyloxy-6-diethylaminotriazine gave a degree of -
¢ure of 97%. This, however only occurred with dicumy! peroxide at »highf
temperatures. No cold cure was achieved using various initiator systems. It is
probable that no other peroxides produce free radicals with a high enough affinity to -
the diallyloxy unsaturation to produce adequate curing in this novel system. ~ -

The main disadvantagesof this curing mechanism are that it can only be carried out at
elevated temperatures and that it is slow. This is because the dicumyl peroxide has a
high critical temperature (100°) and will not produce free radicals below this point.
At this temperature it also has a relatively long half life of around 1.5 hours (204) so
the release of free radicals is slow, leading to a slow cure time.

Smoke testing of the new resins gave varying results when carried out at different
times. The main reason for this was the simplicity of the testing procedure. The fact
that a constant flame .could not be maintained throughout the testing period caused
Some adverse effects on the results and also the fact that the light bulb for the photo-
cell had to be changed during the testing for a bulb which was not exactly the same
caused some variations in the results.

Taking the results at face value, however, it has been shown that the triazine resins,

Containing no additives, reduce the amount of smoke released during combustion by
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52 - 65% over the styrenated resins with no additives. ' This reduction is caused by
two main factors. The first is that the triazine ring has a much higher nitrogen content
than styrene. It is well-known that nitrogen containing compounds produce little
smoke during combustion. The second reasonis that the triazine resins actually
contain up to 60% w/w of the triazine monomer.- '-This drastically reduces the amount
of non-nitrogen-containing components in the resins and so producing even less
smoke. It is possible that if the amount of triazine in-the resins were reduced to a 1:1
ratio of monomer:fumaric unsaturation then the smoke production of the resins would
increase.

It has been found that the phthélic anhydride in the UPRs accounts for approximately
35% of the total smoke produced during combustion.  The aniount of smoke caused
" by styrene could not really be determined because of the disproportiosate amount of
triazine monomer present in the novel resins compared to the amount of styrene in the
old resins. The effect of phosphorus on the smoke production of the triazine resins is
negligible but in the case of the styrenated resins the amount of smoke is reduced to
quite a large extent. At 10% loading levels of the phosphorus additives the reduction
in total smoke caused by the triazine is only 38 - 40% over the styrenated resins with
~ 10% loading levels of the additives, the reason being that the styrenated resins are
much less flammable at these loading levels, whereas the flammability of the triazine
resins is hardly affected by the phosphorus additives. When one takes into account
the amount of resin burnt during the test it can be seen that at the highest phosphorus
additive loading levels the triazine resins cause a 33 - 55% reduction in smoke

evolution compared to the equivalent styrenated resin. This shows that on an
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equivalent scale the triazine resins produce much less smoke than the styrenated
Tesins.

It appeared that TEP treated resins gave slightly better smoke performance than ones
treated with DMMP. One major problem in fires is the loss of visibility which
severely hampers escape. When the triazine: resins are used they cause much less
light obscuration than the styrenated resins and ‘so visibility is greater.. From these
results it can be clearly seen that the triazine resins have- greatly improved smoke
production compared to the styrenated resins.  Infact these resins seem to give the
best comparative performance when they are not treated with any additives at all.

It must be stressed here that the NBS smoke chamber used in thiz study.is far from"
perfect in terms of giving totally representative results. “An improved smoke test
would ‘incorporate a gravimetric analysis of the smoke evolved as well as a facility. for

varying the heat of the degradation temperature.. This would take into account the

inaccuracies caused by soot deposition on the photocell as well as the differences in

smoke evolution caused by varying heat fluxes.

The use of ATH in the rtesins as a ﬂarﬁe retardant additive which was likely to be

more effective than the phosphorus additives showed again that the triazine resins

tended to produce less smoke than the equivalent styrenated resins. In general the

* tesins treated with ATH evolved much less smoke than the resins without ATH, the

- reason being that the ATH accounts for 33 - 50% of the total sample and so much less

smoke would be expected.

LOI testing has shown that the triazine resins have better flame retardant properties

than the styrenated resins when no phosphorus is present. At these loading levels the

Styrenated resins achieve LOI values which are very much in line with those of the
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triazine resins. This occurs for TEP, DMMP. and TP‘P‘showing that these additives

have very little effect on the flame retardant properties of the triazine resins. This

also shows that there is no N-P éynergisrn between the phosphorus additives and thé;
amine group on the triazine ring, as might be expected. . .-

The use of melamine in the resins with the phosphorus additive gave rise to some

interesting results. It appeared that.the combined effects of the phosphorus additives

and the melamine was greater than the expected additive effects, indicating the

presence of a synergistic interaction between the two. This synergism most-probably
comes from the interaction between the primary amine. substituent on the melamine

- ring and the phosphorus additives. When they interactthe,.phosphbms- becomes-an. .
inherent part of the melamine ring and so is not lost from the condensed phase as the
combustion process proceeds. In this way the phosphorus has a,greater._heffect than
wken it is used alone and can be lost from the burning sampie. In fac{bs'tucbiies of thé
char have shown that in the styrenated -resing a large lemount- of the phosphorus is lost
from the sample during combustion. It is conceivable then that if the triazine ring had
a primary amine substituent rather than the current tertiary amine then phosphorus
nitrogen synergism may occur. Tlﬁs possibility should certainly be tested in any
future work on this project. |

The use of the chlorinated additive also gave rise to a greater increase in LOI value of
the resins than the use of un-chlorinated additives. This was. shown, by the char
analysis, to be an additive effect from the phosphorus in the condensed phase and the
chlorine in the vapour phase. Again, as for the smoke testing, it seems that, although

the best LOI value is gained at 10% loading levels of the phosphorus additives, the
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best comparative improvement is seen when the resins contain no phosphorus
additives at all.

In terms of the surface spread-of flame testing:it is again seen that the triazine resins
do perform better than the styrenated resins. Unfortunately: this improvement in
performance is not as great as expected..- The réason for this is that the rate of flame
spread in the untreated triazine resins is much greater than in the untreated styrenated

resins. The effect of this is to cause the flame to spread much more before the natural

fire retardance of the resins can extinguish the flame. It is; then, advantageous that™ -

the triazine resins have a much shorter burn time than the styrenated resins. -

It has been proved, from TGA studies; that the reason for this accelerated burn rate
lies with the fact that the triazine resins show a first decomposition stage at lower
temperatures than the first decomposition stage in the styrenated resins. The effect of
this is to accelerate decomposition at higher temperatures which leads to faster
burning. The presence of the phosphorus additives in the resins, both styrenated and
triazine, leads to a reduction in burn rate and so the surface spread of flame.. Despite
this, however, none of the resins show acceptable surface spread of flame
performance. The TGA studies showed that the reason for the lower burning rates in
the presence of the phosphorus additives is caused by an increase in the temperature
at which the first decomposition stage occurs. The effect of this is to lower the
decomposition rate at higher temperatures and so reduce the burning rate of the resin.
Studies on the charring temperature of the resins has shown that the triazine resins
produce a primary char at much lower temperatures than the styrenated resins. This
Occurs at the first decomposition stage as shown by the TGA studies. It has also been

Seen that the triazine resins produce much more char without phosphorus than do the
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styrenated resins with 20% additives loading levels. Along with'thisiaémall additive
effect has been seen between the phosphorus and the triazine.:* This comes from the
fact that an increase in percent char produced is seen in the triazine resins with 20%
phosphorus along with a small increase in the LOI value of the treated triazine resins.
From the fact that the phosphorus -additives actually do-increase the charring of the
triazine resins it can be deduced that the triazine ring ‘itself does not produce the

maximum amount of charring that could possibly occur in this resin.

From the studies carried out on the chars it has been-seen that the phosphorus =~ =~~~

additives behave in exactly the same way in both types of resins, during combustion.
It can be assumed, with confidence, that the'phésphoms behaves normally asa fire
retardant in the triazine resins. The reason why only very a very small effect is seen
in the triazine resins is that both the triazine monomer and.the phosphorus additives
are char promoters, i.e. they work in the same way. The phosphbrus additive,
however, only makes up about 16% of the total fire retardant components of the
triazine resin and as such can only exert a very small fire retardant effect compared to
the triazine monomer.

A further test that should be carried out to prove this theory more is to reduce the
amount of triazine monomer in the triazine resins. In this case there should be a small
decrease in the LOI value of the untreated resins.. The phosphorus would then make
up a larger proportion of the fire retardants in the resins and so should show a larger
fire retardant effect than in the resins with more monomer.

Itis very interesting to see that the TCEP additive produces such a large amount of
charring in the triazine resins. If it assumed that the halogen actually actsk in the

vapour phase then this extra charring can only be caused by the phosphorus portion of

172



the additive. . There must, then, be some soft of obscure interaction between the
remnants of the TCEP additive, after the chlorine has been released to the‘vapour
phase and the triazine ring. A detailed study of this phenomenon would be,exfremely
interesting.

Mechanically the triazine resins do not possess all of the adv‘antages of the styrenated
resins. In terms of the flexural testing it is clear that although the nérmal triazine

resins possess a larger resistance - to flexing :(flexural ‘modulus):they have a

considerably lower flexural strength. - That means that these resins resist flexingtoa

greater extent but will break under a flexural strain that is much lower than the strain
needed to break the styrenated resins. In the case of the aliphatic resins the triazine
resin has a greater modulus and strength than the-equivalent styrenated resin. The
presence of as high flexural modulus and low flexural strength is indeed.indicative of
a very highly cross-linked brittle resin.  This observation-is backed up by the high
Barcol hardness of the triazine resins compared to the styrenated resins and the higher
heat distortion temperature of these resins compared to the equivalent: styrenated
resins. High values for both of these tests indicate a high cross-link density. For
some applications this is advantageous as a resin which does not distort under high
heat conditions and is hard wearing has some useful applications in industry.
Obviously the brittleness of the triazine resins is not desirable and needs further
investigation. There are two possible reasons for this brittleness. The first, and
perhaps least likely, is the fact that the triazine monomer is difunctional. In this
Scenario much more crosslinking can occur because there is a 4:1 monomer
unsaturation:polvmer unsaturation in this system. This leads to the chains being more

tightly bound together and so energy dissipation within the system is more difficult
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leading to a greater ease of frac’tkuré:.hyﬁ'lfhe’r’éaéén 'that this is less likely is that in this
system there is only a certain amount of ‘c;bs/s-linking that can océur and there are far
more sites of unsaturation on the monoiner than the éolymer. With the fact that
styrene uses up just about all é’of the double bonds when it cross-links the UPRs it
becomes clear that a large amount of the unsaturation on the monomer will not be
" , o o o S

Of course it is possible that the monomer unsaturation will homo-polymerise to form

an even more interwoven cross-link matrix but the argument against this is the second 7 °

explanation for the observed brittleness of the resin.. It is known that in a polyester
system allyl-containing monomers have a low tendency to homo-polymerise. In fact it
is thought that they produce a nearly alternating matrix with the polymer backbone. If
this is the case, then, the polymer backbone chains will be more tightly bound
together than in the styrenated resins where the styrene cross-links are between 2 and
7 styrene links long. It is known, from the project, that the triazine monomer will
homo-polymerise but this is a very slow process and it is likely that the allyl
unsaturation has a higher reactivity ratio to the fumarate unsaturation than to itself.

In future studies to address this problem this must be investigated. If this proves to be
the case then the monomer could be modified by using a vinyl amine substituent as
the source of the monomeric unsaturation and the other two sites could be substituted

with primary amine substituents (See Fig 4.1)
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Fig 4.1: Structure of modified monomer with vinyl unsaturation and primary amine

groups

A monomer such as this one could show a synergistic interaction with phosphorus

additives such as TEP and DMMP via the prirnary'arhine groups and may-well show
~ better cross-link characteristics in terms of brittleness due to the presénce of only one
site of reactive unsaturation which, being a vinyl group, could show a better affinity to
itself and so give longer cross-link chains, thus reducing the brittleness of the resin. -

In all the new triazine resin shows the best improvement in terms of fife Gelisviour
over the styrenated resins when it is not treated with phosphorus additives. It does,
however, show better performance when treated with phosphorus, although this
improvement is not as great as would be hbped for.

In terms of mechanical performanée the triazine resins have some advantages but
there is scope for improvement. Future work on this project must concentrate on
determining whether synergism with primary amines is poésible;’ finding a suitable
phosphorus additive, which is active when the triazine resin décbmposes, if synefgisrn
is not possible; determining the cross-link structure of the resin to see why the resin is
50 brittle and then modifying the monomer accordingly. There is a lot of scope for
this project and the future of the monomer or a modified version couvl’d be ‘long and-

Prosperous.
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5.0 Conclusions

= A new, di-functional cross-linking monomer, with a high nitrogen content has been
synthesised for use in various unsaturated polyester resins. This monomer gives a
high degree of cure in these resins ﬁsing dicumyl peroxide as the initiator. The
main drawback in cross-linking with this new monomer is that‘it'is only possible at

high temperatures. Room temperature cure is the accepted “norm™.

= Comparative smoke testing of resins containing the new monomer compared o
resins containing styrene has shown that the resins with thevnew triazinic monomer
erit much less smoke'during combustion than the equivalent styrene based: resins.
On average, 30 - 60% less smoke is produced from the triazine based resins.

The use of phosphorus flame retardants had no real effect in terms of reducing
smoke production in the triazine based resins. A much larger reduction was

noticeable in the styrene based resins.

= The limiting oxygen index of the triazinic resins was considerably higher than the
equivalent styrenated resins, indicating a reduced tendency to burn.
The use of phosphorus flame retardants in the triazine based resins resulted in no
significant increase in the limiting oxygen index. In the styrenated resin, however,
a large increase in LOI value was seen with increasing amounts of the phosphorus
flame retardant.
The incorporation of both melamine and phosphorus flame retardants into the
resins, both triazine and styrene based, showed a small svnergistic interaction

between the phosphorus and the melamine. Ostensibly this is from the interaction
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of the phosphate/phosphonate group's"withi%the primary amine groupson the

melamine.

= Resins containing the triazine monomer have a tendency to burn more quickly than
resins containing styrene. The positive side of this is that they extinguish much
more rapidly. Conséquently the triazinic Tesins have a lonér'éuffaCé'spféad of
flame compared to the styrenated resins. The scale of this, however, is not as large

as might be wished for.

= Againthe use of phosphorus flame retardants has a greater effect in the styrenated

resins than the triazinic resins, in terms of reducing the surface spread of flame.

= TGA studies have shown that the triazine resins thermally decompose. at lower
temperatures than the styrenated resins. This*is the reason for the faster burn rate

shown by the triazinic resins.

= The reason why phosphorus has a greatly reduced fire retardant effect in the
triazine resins compare to the styrenated resins has been shown to lie with the fact
that in all cases where phosphorus was present in the triazine resins it only made
up about 16% of the total fire retardant componehts of the resin. The rest was
made up by the triazine monomer. Under these circumstances the phosphorus was
acting as it normally would but its effect was being completely masked by the

effect of the triazine monomer.
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- Mechanically, the triazine based resins are much stiffer, harder and brittle, in the
cured state, than the styrenated resins. This has been attributed to the nearly
alterhating copolymerisation seen with allyl groups in unsaturated polyester resins.

This gives tise to a very high cross-link density which leads to brittleness.

= In general the new monomer imparts many favourable characteristics into an

unsaturated polyester resin. These inélude’ reduced smoke emission, improved

flame retardancy and surface spread of flame, greater hardness and stiffness. On-- -

the negative side the resin is too brittle to be of use as a casting resin and it cannot

be cured at room temperature.

= The monomer could be improved by using vinyl substituents, rather than allyl ones,
to reduce briitleness and give room temperature cure. Also the use of phosphorus

substituents may be of interest in terms of reducing flammability even more.
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Figure B10: Mass spectrum of 2,4-diallyoxy-6-diethylamino triazine
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Fig. C3: GC-MS trace of impure monomer showing mass spectrum of desired monomer
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APPENDIX E

INITIAL SMOXE TESTING
RESULTS



Sample Tmax ODmax Total Sample Smoke/g Smoke Text (sec)
(sec) (%) Smoke Consumed (sec/g) Density
(sec) (g Rating
(%)
SADOI 99 493 6995 39 1793 29.18 140
SADO2 104 43.0 6290 32 1965 26.21 124
SADO3 144 38.0 5154 32 1610 21.47 135
SADO4 142 43.7 5988 2.8 2138 24.95 135
SADOS 148 54.3 7265 36 2018 30.27 136
SADO6 134 58.5 7972 33 2415 33.22 128
TAD 01 180 395 4449 5.7 780 18.54 158
TADO2 180 26.0 2872 4.8 598 11.95 138
TADO3 198 345 3825 53 721 15.94 162
‘TADO4 200 583 5955 5.6 1063 2481 170
TADOS 192 67.0 7895 52 1518 32.90 160
TADO6 195 74.0 8510 5.0 1662 34.63 152
SNDO1 129 72.9 11825 4.1 2884 4927 150
SNDO02 101 91.0 14048 4.5 3121 58.53 151
SND03 113 88.3 13465 3.7 3639 56.11 123
SNDO4 101 96.0 15234 3.5 4352 63.48 120
TWOS 94 97.0 15995 4.0 3998 66.64 101
- SNDO06 72 98.3 17095 3.8 4498 71.25 131
TNDO1 162 83.0 9053 6.1 1484 37.72 140
TNDO2 146 505 6592 5.1 1292 27.47 136
TNDO3 142 555 11797 5.8 2033 49.15 148
TNDO4 139 62.1 11077 5.6 1977 46.15 143
TNDO5 135 58.3 9228 5.8 1591 3845 151
LTND% 146 60.3 10118 6.2 1631 42.16 126

Table E1: Results from initial Smoke testing with DMMP
















Sample ODmax (%) Sample Total Smoke/g Smoke
Consumed | Smoke (sec) (sec/g) Density
(8) Rating (%)

SAT 0l 86.0 428 13315 3111 55.48
T SAT02 76.3 3.44 10430 3031 1336
SAT’03 72.7 3.14 10535 3355 43.89
SAT 04 64.3 3.06 90825 3969 3795
SAT05 79.0 3.60 10995 3054 45.81
SAT 06 59.0 333 8085 2428 34.81

TAT 01 373 4.62 3440 745 1433
TAT 02 445 425 3938 927 16.41
TAT 03 41.5 494 3938 797 16.41
TAT 04 42.6 434 3625 835 15.10
TAT 05 24.0 3.77 2820 748 11.75
TAT'06 30.0 3.55 2737 771 11.41
SNT’01 84.0 4.15 13125 3162 54.69
SNT’02 97.0 481 15615 3246 65.05
SNT’03 95.7 4.25 15890 3739 66.21
SNT’04 95.0 3.29 13225 4020 55.10
SNT*05 97.7 4.86 14925 3071 62.19
. SNT’06 98.0 5.17 16820 3149 67.83
TNT’01 52.0 4.21 19965 2367 37.85
INTO: 59.0 3.69 10045 2722 41.85
TNT 03 57.7 4,00 9255 2313 38.56
TNT’ 04 68.7 4.00 11230 2808 46.79
T TNT 05 593 3.86 13260 3435 55.25
TNT’06 62.3 3.56 12985 3647 54.10

 Table E2: Results from Initial Smoke Testing with TEP
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