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ABSTRACT

EFFECTS OF NANOADDITIVES AND DIFFERENT CONVENTIONAL
FLAME RETARDANTS ON THE FLAMMABILITY OF POLYSTYRENE

SipahBendy Mel i ke
M.Sc, Department oMetallurgical and Materials Engineering
SupervisorProf. Dr. Cevdet Kaynak

June 2012153 pages

In this thesis, there werf®ur purposes. The first one was to investigate effects of
nanoclays(NC) on the flammability behavior ofpolystyrene PS. The second
purpose was to investigate contribution of nanoclays to the flame retardancy
performance otonventioml phosphorus based flame retardamphenyl phosphate
(TPP) andits synergist melamine cyanuratg(MCA). For the third purpose
contribution of nanoclays tothe flame retardancy performance ainother
conventionalhalogenated flame retardamitrominated epoxy polym&BE) and its
synergistantimony trioxide(AO) was investigatedAs the fourthpurpose, effects of
another nanoadditivesarbon nanotubefCNTs) onthe flammability behavior of B

with and without BEAO flame retardangystem was inwaigated.

Materials wereprepared viaisolution mixingg met hod, whil e test
shaped by compression and injection molding. Flammabliighaviors were
investigated by Mass Loss Cone Calorimeter (MUGYiting Oxygen Index (LOI)

iv



and UL-94 Vertical Burning ests. Gher characterization techniquesguired in this
thesis were; Xay diffraction analyses, scanning and transmission electron

microscopy, thermogravimetric analyses and tensile tests.

It was revealed that use of nanoclays improfl@ahe retardancy of PS significayntl
mai nly with 0 cnmechansm sia fdrmabidn aofs sérang char barrier

layers inhibiting mass and heat transfer.

When nanoclays were used together with conventional flame retardant systems TPP
MCA and BEAO, flame retardancy parameters improved further, this time due to
the fisynergistic actionodo of Acondensed |

phase mechani smo of the conventional sysi

Use of carbon nanotubes also resulted in improvements in the flamganeta of

PS. However, Afcondensed phase mechani smo
NCs, which might be due to the lower performanceldf geometry (CNTS)

compared to higher efficiency of 2D geometry (NC) in barrier formation.

As an additional purposeeffects of mixing methods in the production of-PS
Nanoclay composites were also igsotersti gat
mixingd u s ein-sieuf polyfierizatio® resul t erdflame metargency r
parameters thahight basicallybe due to reglual monomers or oligomers left during

polymerization.

Keywords: Flame Retardancy, NanockyCarbon Nanotulse Polystyrene, Mass
Loss Cone Calorimetry



¥Z

NANOKATKI MAL ZE MEARKR GENEREKSEL ALEV
GECKKTKRKCKLERKN POL KBNMERRNKRM NA Lk E W A
ETKKLERK

SipahBefpdy Mel i ke
Y¢ksek, LMeanabur ji ve MB&I zaenpe M hendi
Tez YP° nRdf. DrcCewlet Kaynak

Haziran2012 153 Sayfa

Bu tezin d°rt a ma c @anokiberind(leQ) polisiBamnilnar dR &) i
al evli enme davranakaR®teélokamnt eagtakmd-eri #é& n
gel eneksel f o s f o rtriferbl dosfat ETPPa Veesinerjigfimetamin i r i c i |
si ya@mgmMVaCA) alevlienme dayanémé perfor man
i-¢é¢nceg ama- nahakialkl er i n loalojenli akea gekitaici;, g el e n ¢
bromlu epoksi polimer(BE) ve sinerjisti antimon trioksifin (AO) alevlenme

dayanéemé mar Kk aa he@uhtd@Ex D°r d¢gnc¢e ama- ol ar a
nanok atemeési; knaarl bzo n n §OND)tt¢epke N b a kK €-A@ alev e BE
geci ktirici Si st emi il e birlikte PSo6ni

arakKktérél mékteéer .

Mal z e mel ekrarié-k°tzéerlnmtaio vy ° ntesenamuneleri s e ¢ batsién mi
kal épl amaiyorvkea | ermpyl ®akmsae ml e r i il e kekillend
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davranéxkl| ar e, K¢tl e Kaybé Koni k Kal ori me

ve UL- 94 Dikey Yanmat est | er i il e i ncelenmicktir. E
karakterizasyon teknikleri isX-&« é né kér énémé analizi, tar:
mi kroskobu, termogravidretri k analiz ve -
Nanokill erin PS6nin alevlenme dayanéméneée
k ¢ | bariyer kat mal ar & ol uksuémui Iseaj® rmaeymalni 7
gel i kg zrlderfmi kKt ir.

Nanokillerin geleneksel alev geciktirici TRFVPCA ve BE-AO sistemleri ile birlikte

kull anéménda |, al evl enme dayanémé par ame
Bunun nedeni nanoki I I eri n niikzamtaés € d azi | ane kgae | e n
geci ktiricilerinin Ngaz faze mekani zmas

kaynakl anmaktadeéer .

Nanokat ké malarebmemrsi naordaatrag@alRIEdo mi rk udll e@wnléen
dayaneé méynnkbe neden ol muk Fakat . CNT O ni n nkat e
mekanimreanGléeadar et kil ol ma d eefedi olgr8kz | e n mi
bariyeri ol okumli 2Degedné m i glearf NC) keéenpms!| a,

(CNT)dahaaz et ki n ol masé g°sterilebilir

Bu tezde ek P&8manokollarla&mpozi tkluelrliannién a g
karéektérma y°nt eml erlizneklatrie ok y 8 maiemc ealee kmd
fiyerinde polimerizasyod y°nt emi nin al evl enmeisiihay aném
daha =zayef ol duj utengl®nedgn png Ikit me r.i zBRwlsnywm S

sistemde kalan monomer ve oligomeé&bilir.

Anahtar Kelimeler: Al evlI enme Dayanéme, Nanoki | , K e

K¢tl e Kaybée Koni k Kalorimetre
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CHAPTER 1

INTRODUCTION

1.1 Polystyrene andNanocomposites
1.1.1 Polystyrene PS)

Polystyrene is an aromatic polymer composed of a t@ragn hydrocarbon wherein
alternating carbon centers are attached to phenyl groups. Polystyrene is produced by
free radical polymerization, from the monomer styrene. In the polymerization one
carboncarbon double bond (in the vinyl group) is replaced bsch stronger
carboncarbon single bond. In general, polymerization of polystyrene occurs with a
few thousand monomers, leading to a moleculeight varying in between 100000

to 40@M00. Mechanical properties of polystyrene is highly dependent on itagever
molecular weight, the strength improves with increasing chain length but the melt

viscosity increases as well, making processing difficult.

-\/ ~ N S \/\

S5-5588

many styrene
polystyrene

Figure 1.1 Structure of Polystyrene

Polystyrenes can kaacticor syndiotactiodepending on where the phenyl groups on

the polymer chain are attached #tactic polystyrenes are the most commercially

1



important forms. In atactic polystyrenes phenyl groups are randomly distributed
along each side of the polymer chainseating an amorphous structure. In
syndiotactic polystyrenes, phenyl groups are positioned on alternating sides of the
hydrocarbon backbone forming a highly crystalline structugyndiotactic
polystyrenes are not commercially produced due to processimmuliiés as a result

of increased brittleness and long polymerizatiores.

Polystyrene is a commodity polymer, manufactured on a very large &oade.

tough its brittle nature limits its use in high performance engineering applications;

its transparency, ease of coloring and production makes it useful in applications
including packaging, light covering and transparent parts of electric appliances. Also,
foamed polystyrenes are highly used as insulation materials. In such uses, decreased

vaporpermeability, low oxygenitfusion and flame retardancy arequired.

Polystyrene is a relatively inert polymer, fairly resistant to alkalis, halide acids,
oxidizing and reducing agents. Still, they are soluble in large variety of solvents.
Polystyrenehaving high refractive index (1.60); possess excellent optical properties
in terms of transparency, color and clarity. It is a good electrical insulator, having a
low dielectric loss factor at moderate frequencies. However, they have poor
mechanical propées due to their brittleness and low hdaflection temperature of

82-8 8 Ar@l thay also tend to craze and turn yellow at outdoor exposure.

Polystyreneis very flammable and burn with a smoky flame. They depolymerize
when heated ab ov kighly Bahable, aomtle, momdmeri sl
oligomeric fragments in large qudgs [1]. Their high flammability and dripping
limits its use in some applicatisn Many of these defects can beercone via
introduction of proper additives into the systenbgicopolymerizing.

1.1.2 Nanocompositevith Nanoclays

Polymer matrix nanocomposites are new class of composites which attracted great
interest in recent years. They are composed of dispersed particles of which at least
one dimensionms in the nanometer rang@utstanding changes observed in properties

2



with alteration of particle size from micro to nano scale even with small loadings.
Improved mechanical strength, thermal stability, flame retardancy, wear resistance,
optical and electrical properties are awleig@ compared to micro scale particle
addition. These improvements are gained as a result of high aspect ratio and large

surface area of the nano sized particles.

Nanocomposites can be divided into three different classes depending on number of
dimensionsof the nanofiller that are in the nanometer range. Nanocomposites
containing nanofillers that have all three dimensions in nanometer range are
nanoparticles. Nanomaterials having two dimensions in nanometer nacigdei
nanotubes, nanofiberslgelets etc. Thethird type of hanocomposites i@mposed

of nanofillers that have only one dimension in nanometer range, namely; nanolayers,
nanofilms and nanocoatings. Depending on the desired effect, one of these filler
types are incorporated into polymer maggc Nanoclays are in this third class with
having only thickness in one to few nanometer and length of hundreds to thousands

nanometer long.

Phyllosilicates are the most commonly used nanoclay minerals with crystal structure
consising of stacked layeref 1 aluminum or magnesium hydroxide octahedral sheet
sandwichedetween 2 tetrahedral silicatbees, in which oxygen ions of octahedral
sheet is shared by tetrahedral shdg€igure 1.2) Isomorphic substitution within
layers caused by replacement of Aby Mg™ or F€? and Md? by Li** generates
negative charges in crystal lattice. This negative charge is counterbalanced by alkali
and alkaline earth cations such ad?F€a? Na&'. These cations are not bonded to
the crystal, but they form a positively charged layer between the negatively charged

surfaces of the crystals.

The layer thickness is around 1 nm, and the lateral dimensions may vary from 30 nm
to several microns. Staclg of the layers leads to a regular van der Waals gap
between the layers called theterlayer or gallery. The sum of the single layer
thickness and the interlayer is callddpacingor basal spacing



Nanoclays are characterized by surface charge, krewdation Exchange Capacity
(CEC) expressing the ability of clays to retain cations. Cation exchange capacity is

measured in milliequivalents per 100 g ofdired clay.

~1 nm

Basal spacing

<— Tetrahedral

O Al Fe, Mg, Li
v OH

@0

@ Li,Na,Rb, Cs

Figure 1.2 Structure of 2t Phyrosilicates [2]

It is animportant parametesince modifications neet be done on surface of the
clay layers. Nanocomposite formatieannotbe achieved by just mixing polymer
with nanoclays since they tend to form stacks. In order for polymers to intercalate
through stacks; silicate layers thae agdrophillic in nature should be changed into
organophillic With the aim of turning silicate layers nature to more compatible with
polymers, modifications are done by ierchange reactions. In igxchange
reactions, the interlayer inorganic cationg anexchanged into organic cations
such as alkylamonium or alkylphosphonium catioRfal product of this ion
exchange reaction isreferred as organoclays. Thesalkylamonium or
alkylphosphonium cations reduce electrostatic adgons between silicatayers
and also expandthe clay galleries depending on the surfactant chain length.
Consequently, diffusion of polymer into galleries is improved resulingarger

interlayer spaces.

Two particular characteristics of nanoclays are important for nanuzsite

formation. First is the ability of clay particles to exfoliate into individual layers.
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Second is the ability to compaitize and modify their surfaces via iaxchange

reactions. Montmorillonite is one of the mgseferrednanoclays in nanocompasi
formaiondue t o i ts smal.l parti cl-2000 andhégh ( <2 Om
swelling capacity which eases homogems dispersion andacilitate polymer
diffusion[3].

Different preparatiormethods are utilized to create the desired nanocomposites of PS
with nanoclays. Solution intercalation, maltercalation and ksitu polymerization

are considered to be most convenient methods to disperse layered silicates into
nanocomposites to havefekated or intercalated structure

(i)  Solution Mixing

In solution mixing; a solvent in which polymer is soluble is used, to disperse and
exfoliate nanalays irto single layers. Polymer is theadded to this mixture, and
adsorbs onto delaminated sheets. tJpemoval of the solvent, sheets reassemble,
confining polymers into clay galleries to form an ordered, multilayer structure
(Figure 1.3) Even tough, it enables to obtain highly intercalagddicture;this
method is nofpreferredin industrial applicatins due to problems arisen by large

amount of solvent usage.

Polymer
chain
[ ..
0 ® NHs ® Drying ——=———"™7
PY ] ° NHs*

" \FL S

Organophilic clay in Polymer in solvent

solvent Solvent
molecules

Figure 1.3SchematidRepresentation of the Solution Intercalati@@prodiced from{4])

(i)  Melt Intercalation

In melt intercalationnanalays are mixed by annealing with a polymer matrix which
is heated above its softening point. During annealing process, polymer chains diffuse
into clay galleries if layer surfaces between clay and polymer are compatible, and
form either exfoliated or intercalated struct(ireggure 1.4)
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This method has attrax great deal of attention since it is an environmdnidly
solventfree method, and can be operated with current industrial processes like

injection or extrusion molding.

blending
+ " [ —-— ]
: N e \/\,\/\/\’\N NHs*
;ff )):éf ke -> \/\/\/"\/\N JJ\/\/\/\,\/
NHa* NHa* NH3* NHs*
[ — | [ - ]
Organophilic clay Polymer Intercalation

Figure 1.4 Schematic Representation of the Meltercalation (Repoducedfrom [4])

(i) In-situ Polymerization

In in-situ polymerization,nanalay is swollen in liquid monomer or monomer
solution. Polymerization initiated either by heat or a suitable initiadocur in
between the intercalated clay laydfgure 1.5) resultingin a structure that is
kinetically trapped in a well dispersed struct[tp

 ——
3* ‘NH;"
NHz* NHs* ' T
—— Ala Alats
Organophilic clay monomer swelling initiator

polymerisation

Figure 1.5Schematic Representation of theSitu Mixing. (Reproducedfrom [4])

Depending on the preparation methods used and nature of interfacial interactions
betweennanalay and polymer, three main types of composites may be obtained

when clay particles are incorporated into polymer matrix.

(@) Phase Separated (Micro) Composite

Phase separated {ono) composite is obtained when polymer chains are unable to
intercalate through clay galleries, and clay remains as tactoids. Properties of phase
6



separated composites are similar to those traditional counterparts. Due to poor
polymer and clay interactiomo significant improvement is achieved the

performancef polymers

(b) Intercalated Nanocomposite

Intercalated nanocomposite is obtained when one or more polymer chains diffuse
betweenclay layers, leading to a well ordered multilayer structure of alternating

polymeric and inorganic layers. Repeating distance of these layers is found to be in
the range of a few nanometers. Intercalated structure causes significant

improvements inthe perfornance ofpolymers.

(c) Exfoliated Nanocomposite

In exfoliated structures, uniform and complete dispersif individual clay layers is
attained in a continuous polymer matrix. Polyrlky interactions are maximized in
exfoliated nanocomposites, leading tdstanding improvements ie performance

of polymers

Layered
silicate

AN Eﬁ@%
(:@bﬁgﬂ (t%\ﬁ‘/\@f (c)

Phase seperated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Polymer

Figure 1.6 Three MainStructures Obtained in Polymer/Clagi@posites
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1.1.3 Nanocompositesvith Carbon Nanotubes

Carbon nanotubes are another familyahofillerhaving 2 dimensions in nanometer
range They are composed of graphesbeets (D hexagonal arrangement of
carboncarbon bonds) rolled intoytinders, having diameters rangirfgom one
nanometer to tens of nanometer, with lengths up to centimeters. Theedity@eit
attention due to their egptional properties, since their discovery by lijima in 1991

[6].

Nanotubes can be synthesized in two different structural forms, namely; single wall
carbon nanotubes (S¥NT) and multiwall carbon nanotubes (MWMT). MWCNTSs
consist of multiple layers of gohene cylinders coaxially arranged arowndentral
hollow core (Figure 1)/ The structure of MMENT can be described with two
different models. IrRussian Dolimodel, graphene sheets are arranged in concentric
cylinders. InParchment Modelsingle graphem sheets rolled around itself with
interlayer separations close to distance between graphene laye@NTS8nsist of
single graphene sheet rolled into a seamless cylinder. Even thou@iNB\Was
superior mechanical, electrical and thermal properties,sitmiore prone to

agglomerate and form ropes and bundles.

(b)

Figure 1.7 SchematidRepresentationsf (a) Multi-Wall and(b) SingleWall Carbon
Nanotubeg7]



Additionally, atomic structure of the carbon nanotubes can be defined by orientation

and magnitude of the chiral vectat;, = na, + ma,, where @, m) are number of

steps along carbon bonds of hexagonal lattice anga{) are unit vectors in
graphenesheet. Three different morphologies are definedaraschair (n = m),
zigzag(n = 0,m = 0) or chiral (all others) shown in Figure 1.8 Properties of
carbon nanotubes are highly dependent on morphology they posses. For example,
armchair nanotubes are comldred as metallic, whereagigzag and chiral

counterparts are semiconducting in terms of electronic propfties

Carbon nanotubes have outstanding properties that make them excellent candidates

to be used in various higlech applications. Owing to timehigh aspect ratio

(typically 3061000), CNTs are able to percolate and form a network even at very

low loadings and this in turn result in enhancement of mechanical, electrical, thermal

and flame retardant properties. Tensile modulus and strength whIS88CNT and

MWCNT were found to be in the range of 270 GPato 1 TPa and 11 GPa to 200 GPa,
respectively [9]. They are thermally st a

electric current carrying capacity 1000 times higher than copper wires [10]

Figure 1.8 Schematic oNanotube Mrphologiesfa) Armchair, (b) Zig-zag, andc)
Chiral [9]
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The methods of solution mixing, melt mixing andsitu polymerization are widely
applied in preparation of PSNT nanocomposites, as in fRE& systems. The main
focus of all fabrication methods is to improve CNT dispersion and préventiing
occurreddueto van der Waals interactions between individual tubes, since consistent
dispersion leads to consistent load transfer and can result in percolation of CNTs to

form a network.

(i)  Solution Mixing

Solution mixing is the most widely used production method iamavolves three

major steps. First, nanotubes are dispersed in a suitable solvent in which polymer is
soluble. Then, polymer is added to this mixture. High power sonication can be used
to enhance formation of metastable suspensions of nanotubes orbeapolymer
mixtures in solvents. Finally, nanocomposites are recoveregrégipitating or
casting a film[11].

(i)  Melt Mixing

In melt mixing, high temperature and shear forggsliad to disperse nanotubes in
polymer matrix. Even though this method enaldpsration with current industrial
processes and beneficial in terms of lack of solvent use, it is generally lesiyeffec
in dispersion of nanotubes compatedolution mixing11].

(i) In-situ Polymerization

In in-situ polymerization, nanotubes are digesl in liquid monomer or monomer
solution. Polymerization initiated either by heat or a suitable initiator, resulting in a
well dispersed network structure-$itu methods also can facilitate covalent bonding
between functionalized nanotubes and polymeatrix, however extent of
polymeization reactions are limited since viscosity increaseagmerization

proceed [11].
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1.2 Flammability of Polymers

When polymers are exposed to a sufficiently large heat flux radiated from a fire, they
thermally decomposentyield volatile gases, solid carbonaceous char and airborne
soot particles (smokg¢)2]. The volatile gases arisen can either be flammable such as
carbon monoxide, methane, low molecular organics, or can b8ammable such

as carbon dioxide and watekVhen flammable volatile gases diffuse from
decomposing polymer into air, they form a gaseous mixture, reacting with oxygen or
other oxidizing element leading to ignition and liberating heat. The amount of heat
liberated controls the duration of combustibmpresence of sufficient heat fed back

to polymer, new decomposition reactions are induced in the solid phase, more
combustibles are produced, thus; process becomes self sustaining;immagnta

combustion of the polymér].

Polymers decompose via series of chemical reaction mechanisms. First mechanism is
randomchain scissionin which scissions occur randomly throughout the length of
the chain. Second mechanismeisdchain scissionn which individual monomer

units or volaile chain fragments are removed at the chain €idin strippingis
another mechanism in which atoms or groups that are not part of the main backbone
(side/pendant groups) are removed. The last mechanismosslinking in which

bonds are created betwepnlymer chains, resultingn an increase in molecular
weight. In most cases, polymers decompose through combination of tworer

mechanisms.

Polymers that decompose via random chain scission and depolymerization are more
flammable than those decompasa crosslinking and chain stripping. Crosmking

causes creation of char which lowers flammabilit$]. In chain stripping, removal

of the side/pendant group leads formation of double bonds which can give crosslinks.
And again cros$inking result information of char, lowering flammability.

Polymers having aromatic or heterocyclic groups in main chain are less combustible
than polyners with an aliphatic backboii#4]. Polymers having short and flexible
linkages between aromatic rings tend to crokshmd char. This char formation

11



increases thermal stability and enhance flame retardaDay the other hand,
polymers with relatively long flexible linkages between aromatic rings are relatively

more combustible.

Char formation is very important in combias process. Charring of the polymer can
occur via crosslinking, aromatization fusion of aromaticsor graphitization
depending on the structure of the polynjigs]. Char is formed only if the cross
linked polymer has aromatic fragmenis conjugated ddule bonds and is prone to
aromatization during thermal decompositid8]. It works as a barrier to heat and
mass flow, and stabilize carbon; preventing its conversion to combustigs. gzhar
effectiveness dependmth on its chemical and physical stwe. For an effective
barrier; a rigid and cracHeficientchar structure must be provided to prevent the
flow of volatile flammable gases into the flame and to provide sufficieermal

gradient to protedhe polymer below its decomposition temperature

Fire behaviorof polymers can be divided into three staffégure 1.9)

Fully developed fire

B
>

Developing Fire

Ignition

Temperature

Time
Figure 1.9Basic Stages of Polymer Combustion
(i) Ignition: An ignition source (flame, cigatte, glow wire, etc.) comes in
contact with the volatile flammable products of the polymer combustion and flame is

onset in the range of ignition temperature (300 0 AC) . FIl ammabil ity

determined in this stage.
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(i)  Developing Fire: Flaming combustion continues in this stagdi@ growth,
and temperature rise above the ignition temperature 400 A C) . 't i s che
by an external heat flux aroundiBD kWm' 2 Fire behavioris controlled by flame

spread and heat release in this stage.

(i)  Fully developed fire In this laststage of fire growth, temperatures rise
above 600AC. 't invol ves KWNmb%Firedoad, fee n a | h
penetration is determined in this stage.

For mlystyrene, degradation to volatiproducts initiates around 3@ and has b e
explained by hydrogen loss followed byiC bond scission to form a chain
terminating carbon radic@l6].

This radical can then further degrade by stepwise elimination of the styrene
monomer until the polymer molecule is completely degraded, or the radical is
stabiized Thi s is a | ow energy process, whict

accounts fombout 50% of the volatiles formed from polystyrene pyrolysis.

22929 —~ 228 . %

beta scission

- —99 .%

styreng

Figure 1.10Schematic Representation of Degradation fay$§tyreng17]

It can be seenn Figure 1.10that each eliminatiorof styrene results from the
breaking of the €C bond which is beta to the carbon bearing the radical, and
produces a similar radical structure which can undergo further stegtenmation
[17].
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1.2.1 Flammability Tests

() UL-94 Vertical Burning Test

UL-94 testis developed by Underwers Laboratory Inc(USA), to assess the

Afl ammabil ity of plastic materials for
common procedure to check if a product compliescessaryregulations by
measuringignitability and flame sprad of polymeric materials exposed to small

flame.

Specimens with a length of 18Bmm and width of 180.5mm are used to assess
flammability behavior Specimen thickness may be 3.2, 1.6 orrit8 depending on

the intended use of plastic. However, thinspecimens are detected to be more
flammableand because of that, thickness must be stated in ratings for an effective

evaluation.

As shown in kgure 1.11, bar shaped specimen is held vertically and a cotton layer is
placed underneath of it, in order tietect any flammable drips that could ignite

cotton.

C:}.'E 4 035

«]—— |— specimen

Figure 1.11Experimental Set pJfor UL-94 V Flammability Tesf7]
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Flame is applied from bottom of the polymer for 10 seconds, and its afterflame time
(t2), which is the time needed for flame to seltinguish is recorded. In the second
step, flame is applied for another 10 seconds, and afterflame tinaadt afterglow

time () which is the time neded for fire glow disappear, arecorded. Throughout

the test, burning drips that can cause igniabnotton must be observed and noted.

The test should be conducted ffive specimes, and dependip on the overall
performance oflpecimens regarding duration afirbing and presence of flaming
drips; materials are classified into three categories. Bimning characteristics
required forV-0, V-1 and \+2 ratings are listed at Table ¥-0 rating is given to
materials thaéxtinguishesn less than 10 seconds, with no combustible drips. These

materials are considered to be s®ifinguishing

Table 1.1Ratings and Their Criteria idL-94 Vertical Burning Test

V-0 V-1 V-2 Fail
Total afterflame . . .
time (t1+ tp) for each OL0s 039 039 30s
specimen
Total afterflame
time (t+ 1) for 5 059 0250 0250

specimens

Afterflame (t») plus

afterglow time (t3)

upon second igniton O3 9 069 069
for each specimen

Ignition of cotton by
burning drips No No Yes

Glowing or flaming
combustion of any
specimen to holding
clamp

No No No
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(i)  Limiting Oxygen Index (LOI) Tests

Limiting oxygenindex test (LOI) is a small scale test, used to quantify materials
flammability and resistance to ignition. LOI tesare standardized bpternational
test standards, including ASTM D2863 and ISO 4389l tests measureninimum
oxygen percent that willupport ignition and combustion of the material.

As shown in kgure 1.12 a bar shaped specimen is placed vertically inside a glass
chimney which allows burning to be observed. During the test oxygegen
mixture with a specified oxygen concentration is supplied at the bottom of the
chimney and small flame is applied aptof the specimen. If specimen doest no
ignite after 30 seconds of flame exposure, concentration of the oxygen is increased.
Minimum percentage of oxygen for burning of sample for 3 minutes or consuming 5
cm of the sample is detected by varying the oxygmrcentration through a series of

tests.

=

#H——specimen

[V

mixture of gased (N»/O5)

Figure 1.12Experimantal Set Up for LOI Test[7]

Considering thagir contains 21%oxygen; materials having LOI value lower than

21% are classified asewiihdOlwmdue Bigher hain€® |, wh e
are cl as siefxita ch g sskce lihsiregprébustion cannot be sustained
without any contribution of external energy source. It can be stated that, flame

properties increase withcreasing_-Ol values.
16



There are limitations of LOI tests, sintd® test does not reflect a rdak scenario.

LOI is usually measured at room temperatures, whereas oxygen index values may
change with higher temperature emerged at actual fire.

Although LOI test is inadequate in predicting real fire performance of madgert is

ausefultest inclassifyingflammability and ignitability.

(i)  Mass Loss Cone Calorimete(MLC)

Heat release rate measurements are accepted to be one of the most reliable
techniques for investigating flame properties of combustible materialae Co
calorimeter is a bench scale instrument utilized for these measurements. The name
6coneb6 comes from the truncated cone shaj
fire testing. Generally cone calorimeters work on the basis of measuring oxygen
consumgion in the combustion gases of a sample subjected to a heat flux. The
measurements of the oxygen consumption and gas flow are used to calculate the

guantity of heat released.

However, in this study Mass Loss Cone Calorimeter (MLC) is used for flame
investigationsaccording to the standat80O 13927 Simple Heat Release Test Using

a Conical Radiant Heater and a Thermopile Detector

In MLC; heat release rate is determined by use of a thermopile instead of the oxygen
consumption technique. As shown iRigure 1.13 square shaped specimens with
100x100x4mm dimensions is placed on a load cell, and conical heaters uniformly
irradiate sample from above by creating a known heat flux. The combustion is, then
triggered by an electric spark. Heat release ragssessed from measurements of
outputs of thermopiles located in chimney situated above burning test specimen. The
outputs ofthermopiles obtained innit of millivolts (mV) are converted into heat
release rate per unit area in unit of kV§/fhis conversin is executed by means of
calibration graph obtained previously by burning of propane with known calorific

value inthesame apparatus.
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_—Thermopiles

Cone Heater

—— Spark Ignitor

— Sample

Load Cell

/ V

Figure 1.13Experimental Setp for MLC test[7]

The maximum value of heat release rate termedPesk Heat ReleaseRate
(PHRR), is an important parameter to evaluate fire performance of polymers. It
represents maximum energy emitted from specimen during combustion and is related
to flame spread in fire growth stage of burnifigntal Heat Evolved (THE) is
another paraeter calculated by integration of HRR vs. time curves. It represents
total heat evolved from the specimen throughout the fire. An exampléeat
Release Rateversus Time and Total Heat Evolvedversus Time graphs for
representative neat polymer and flame retarded polymer are given in Figure 1.14. As
can be seen from HRR vs. time graphs, curves are broaden and PHRR values
decrease with the flame retardant addition in to the polymer. Also reductions in THE

values are observed with the introduction of flame retardants.

In addition to these parameters, Mass Loss Cone Calorimeter can niomto
Ignition (TTI) , Total Burning Time (TBT), Total Mass Loss (TML), andTime to
Peak Heat Release Rate (TTPYime tolgnition (TTI) is the time interval between
sparking and ignition. It reveals ignitability of specimen. Total Burning Time (TBT)
is the time between ignition and extinguishment of the flame. Time to Peak Heat
Release Rate (TTP) is the time at which hed¢ase rate reaches its maximum
values.
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Polymer

Flame Retarded
Polymer

Heat Release Rate (kWImz)

Time (s)

(@)

Total Heat Evolved (MJ/m?)

~— Flame Retarded Polymer

Time (s)
(b)

Figure 1.14Representativéa) Heat Release Rate afig) Totd Heat Evolved
Curves
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Fire Growth Index (FGI) andFire Growth Rate (FIGRA) can be interpreted from
dataobtained above. Fire Growth Index (FGI) can be calculated by diviRi#igR

with TTI and represents materials contribution to fire propagation. Fire Growth Rate
(FIGRA) can be calculated by dividing PHRR with TTP and represents materials
contribution to fre propagation rateTHE/TML Ratio is another important
parameter to evaluate whether flame retarding action is in the gas or condensed
phase. If the flame retardant added is active in gas phase, THE/TML ratio of the

material changes considerably from tbhthe pure material.

1.2.2 Flame Retardancy Mechanisms

Flame retardant systems are introduced to polymers to inhibit polymer combustion
processes. Flame retardancy mechanism may act physically or chemically in
condensed or gas phase. They can impba@emal degradation during heating,

pyrolysis, ignition or propagation.

(i)  Physical Action of Flame Retardants

Combustion reactions can be hindered by physical action of flame retardants in
several ways. Some flame retardant additives cool the reactiommmégi means of
decomposing endothermically. This endothermic decomposition causes heat

consumption, decreasing temperature below polymer combustion temperature.

Upon degradation some flame retardants decompose liberating inert gases such as
water vapor (HO) and carbon dioxide (G Those inert gases cause dilution of
combustible gas mixture, decreasing concentration of radicals in flame. Thus;

ignitability decreases.

Some flame retardant can lead to formation of protective solid or gaseous layer that
can act as a protective barrier. This layer inhibits the flow of heat and oxygen to the

polymer and also combustible volatile gases to vapor phase. As a result polymer

20



inside is protected and volatile gases are separated from oxygen preventing the
combustiorcycle to be selbustained.

More than one flame retarding mechanism may operate simultaneously together as in
the case ofluminum hydroxide AI(OH)3). By endothermic decomposition of it,
water vapor is releaseddiluting radicals in the flame and coog the reaction
medium. Also grotective layer is formed by residues of alumina@3) acting as

a barrier. Howevewery large amounts should becorporatedo polymer inorder to

be effectivg18].

(i)  Chemical Action of Flame Retardants

Chemical action of a flame retardant additive @acur either in gas phase or

condensed phase.

I n gas phase, flame retardant additives
These radicals <can react with highly er
forming less energetic halogen radicals and molecules. With this alteration of the
degradation pathway, radical concentration drop off, thus heat producing combustion

processes decreases.

In condensed phase, flame retardants can accelerate breakingotigvatymer
causing melting and dripping away from the flame. Melamine cyanurate is one of the
most widely used flame retardaadditive causing dripping. Aliphatic bromines are

also used to create same effect in foamed polystyrenes and thin films of

polypropylene.

Flame retardants can also cause formation of a carbonaceous char or vitreous layer
on the polymer surface. This can occur when a fire retardant removes the side chains
and generates double bonds in the polymer. These double bonds give crosslinks

resulting in the formation of char. This char or vitreous |l@geract as an insulating

barrierin between flame zone and polymer.
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There are also intumescent systems in which swelling of the surface layer of polymer
is sustained via blowing agents. &hproduced can provide insulation and slow

down heat transfer from the exposed side to the unexposed side of polymer.

1.2.3 Conventiond Flame Retardants

Flame retardant additives are composed of compounds or mixture of compounds that
are incorporated intpolymers in order to decrease ignitability, or if once ignited, to
manipulate its burning behaviorhere ae several different types of flame retargant

used.

() Halogen Containing Flame Retardants

When flammable volatile gases diffuse from decomposingnpat into air, they
form a gaseous mixture, reacting withxygen leading to production diighly
reactive HA and OHA radicals. These radi
leading to the decomposition and sustained burning of polymgdsogenradical

(H Ai3 responsible for chain branching free radical reactions in the fBime

HA » @HA + OA (1.1
OA ¥ ®HA HA (1.2)
Hydr oxyl radical (OHA) is responsible f

generates larger part of the heat in the fl§je
OHA +Y @@+ HA (1.3)
Main flame retardancy mechanism of halogen containing flame retardants is,

interruging the gas phase reactions ¢1.B) that generatenost of the thermal

energy.

22



Thereare four types of compoundhlat can be used as halogekaflame retardants
containing fluorire, chlorine, bromine and iodin€luorinatedcompounds are not
preferred much, since they are more stable than most of the polymers and do not
release its halan in the form of fluorine radical below or thie same temperature
range of decomposition temperature of the polymer. Since it releases its halogen at
later stages, gas phase reactions cannot be interrupted by radical trapping process.

lodinated componds are again not utilized as a flame retardant, since they have very
low thermal stability and this makes it difficult to be processed with commercial
polymers. Apart from that, these two compounds are far more expensive than

brominated and chlorinatedqatucts.

Chlorinated compounds used as flame retardargs aliphatic and cycloaliphatic
forms. Aromatic chlorine compounds are not very efficient due to their high thermal

stability, thus they are not utilized in the field of flame retardancy.

Brominated flame retardants are by far, the most preferred halogenated flame
retardants. Aliphatic ones are found to be more unstable than aromaticlunés,

their lower bond strength and stability that results easier dissociation at lower
temperaturesThey can be used only for certain polymers with low processing

temperatures.

Flame retardancynechanism of brominated flame retardants can be explained in
series of reactions. An example of such reactions with an aliphatic polymer is given
through Reaction§4t019[5].1't begins with abstraction

from flame retardant (/r).

RBr Y+BrAA (1.4)
ThenBr A radical abstracts hydrogen from th
(HBr).

Br A #CHCYH C A, + HBr (15)
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C H-&H,Y H A CH=CH (1.6)

Hydrogen bromide (HBr) volatilizes artiendiffuses to the combustion zerf the
fl ame where it can react wi t h hydrogen

regenerate bromide (BrA).

HBr + b+ Br HA (1.7)

HBr + OH A YH,O +Br A (1.8)
Bromine radicals react with the hydrocarbons, and form hydrogen bromide until all
Br leaves the flame.

Br A+ mBdYRA (1.9)

Hydr ogen br omi de reduané®HAc omaéint alag j onmvh
responsible for sustaining combios. It is found that eversmall additions of
brominated flame retardantesultin signficant improvements irflame retardancy

of the polymers.

In addition to chemical flameetardancyaction of radical trapping, it is also believed
that large heatcapacity of hydrogen bromides (HBr) hgsofound effect on
decreasing temperature of thenfle. Furthermore, its dilution of the flame results in
decrease of the mass concentration of the combustible [§&%es

Brominated flame retardants also have condensed phase contribution in flame
retardancy by promoting charring in polymer. When bromiadicals abisact
hydrogen from the polymethis results in unsaturation (Reactitrb). Unsaturated
polymer chain then, release a hydrogen radical and forms double Healstion

1.6) which are responsible in formation of char via cross linking or aipati@n.

This char can work as an insulating barrier between flame zone and polymer.

There is also another condensed phase mechanism, applicable for aliphatic bromine.
It involves chain scission of polymer via bromine radicals generated at low

temperatues. Breaking down of polymer chain causes melting and dripping polymer
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away from the flame, and extinguishes it. This mechanism functions in

polypropylene and foamed polystyrene systgz0s.

(i)  Phosphorus Containing Flame Retardants

Phosphorus containingame retardants attract great deal of interest in recent years
with increasing demand for an alternative to halogenated flame retardants.
Phosphorus containing flame retardants can be in the form of elemental red
phosphorus, inorganic or organic phosplsorbased compounds and chloro

organophosphates.

Phosphorus containing flame retardants can act in gas or condensed phase depending
on the polymer it is introduced in. In polymers which does not contain oxygen or
hydroxyl group, gas phase action of phospkois dominant. Phosphorus radicals
such as; HPA, PQA, #®®©®d HPOA, are released i
temperatures. These phosphorus radicals take part in radical scavenging of highly
energetic HA and OHA r ad(Reacidtns 1.1A04yr ough

suppressing flaming of combustifs].

HPOA+ HA Y , 0 + H (1.10)
HPOA + HA+M PO (1.11)
HPOA + OHA+HIO PO (112)
POA + HA Y HPO (1.13)
POA + OHA Y HPO (1.14)

A recent studyj21] showed that phosphorus at the same molar concentration is, on
average, five times more effective than broenand 10 times more effective than
chlorine. Butin orderto fully benefit from this, volatilization of the phosphorus

radicals must take place below decomposition temperatures of the polymer.

Another flame retardancy mechanism of phosphorus compoungs attthe gas

phase isblanketing effectPhosphorus containing volatiles inhibit oxygen transfer by
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forming a relatively heavy phase at surface. This phase covers the surface as a
blanket and prevents access of oxygen.

In polymers containing oxygen ohydroxyl group, phosphorus based flame
retardants act mainly in condensed phase. In such systems, flame retardants
decompose into phosphoric and polyphosphoric acids that react with hydroxyl
groups of the polymer liberating water and leading to doubleshand crosslinking

and finally, form significant amounts of char. This char works as an insulating
barrier, protecting polymer from heat, flame and oxygen. In addition to insulating
barrier formation caused by charring, release of water decrease congbgstl
content, thus increase flame retardancy. The effectiveness of flame retardants for this

mechanismncreases with oxygen content in polymer.

Phosphorus can also promote melting of some thermoplastiesd®yeratingheat

loss and dripping away from the flame.

(i)  Synergistic Additives for Flame Retardants

Antimony-Halogen Synergism:

A significant increase in fire retardancy effectiveness is observed when halogenated
flame retardants are used in combination watitimony trioxide (SfDs). It is
observed that it both assist and eases delivery of halogen atom in the gas phase and
extends the time which halogens exist in the flame zone, in turn more radicals can be
scavenged14]. SkhO; reacts with hydrogen bromideédBr) and forms antimony
tribromide (SbBj) which is a more active radical scavengmore volatile, boils at

2 8 8)Ahan HBr.

ShOs+ 2 HBr Y 20 SbOBr + H (1.15)
5 Sb OB §OsBY, + SoBr (1.16)
4 ShOsBr, Y 5 ;08Bb+ ShBg (1.17)
3ShOBTr VYV @+ SHBg (1.18)
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In flame SbBsi s r educed through seri esradicdsact i on

[5].

SbBr+ HA Y,+BByBr (1.19)
SbBr,+ NASbBr + HBr (1.20)
SbBr + HA Y Sb + HBr (1.21)
Sb+OH X SbOH (1.22)

PhosphorusNitrogen Synergism:

Melamine containing 6Wt% nitrogen in the molecule is a common flame retarding
additive. Melanme can be found in the form ahelamine cyanurate, melamine
phosphate, melamine pyrophosphate, and melamine polyphosphate.

Flame retardancy effect of melamine is based on sublimation. Medssulslimates

at a b oQinste&%Dnfelting. This leads to absorption of energy, resiifting
decrease in surface temperature of the polymer. In a hot flame, melamine may

decompose with a very endothermic process, creating cyanimid.

Melamine cyanurate is formed from a 1:1 mixture of melamine and cyanuric acid
held together by twaimensional etwork of hydrogen bonds. Throughout
decomposition, cyanuric acid causes chain scission which enhances dripping and

melting of the polymer.

Melamine is used for enhancing flame retardancy effect of phosphorus caispoun
There are different mechanismgggestedfor this enhancement. In one of thetnis
effect is based upon formation ofNPbonded intermediates, which are better char
forming agents than phosphorus alofi&’]. Nitrogen also helps retention of
phosphorus in condsad phase. This effect is very efficient polymersforming
char, but it is notefficientfor polymersforming little amounts of chan which vapor
phase action is important. Nitrogen compounds also extend temperaige of
polymer decomposition ardécreases the evaporation rate of combustible ¢aSgs
Findly, nitrogen compounds enhancgidation of phosphorus, resulting in liberation
of inert gases like ammonighus diluting the combustible gas Rriure and

decreasinghe concentration of radical in flame.
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1.2.4 Nanoadditives ad-lame Retardarts

Polymer nanocomposite studies contribution ofnanoclayshavestarted in the late

1940s, with much higher clay loadinf2]. It was in 1976 that Unitka Ltd. has first

stated that flame retardant properti® enhanced with introduction of layered
silicates in nylon 6 (N6) polymers [23]. In 1989 Toyota research group have stated
70% 1increase i n room temperature tensi.l
distortion temperature and a significant decrease iemwagrmeability of N6 with
nanoclayaddition. After thata comprehensive study on flame retardancy properties

of N6/nhanoclayshas been published by Gilman et al in 1984]. Following to his

study, flame retardancy enhancement propertiezanbclayshas been investigated

with different matrix polymers through various studies and similar reductions in

flammability have been achieved.

In the study of Gilman et aJ25] reductions of 5/5% in peak heat release rate is
achieved for nylon 6 angdolystyrene nanocomposites with nanoday hey stated
that reductions in heat release rated mass loss ratavere with thegeneral
mechanism othe formation ofa carbonaceotsilicate structure that builds up on the
surface during combustion. This structureuiases theunderlying polymer and

reduces the speed of mass loss rate of combustible volatiles.

Carbonaceousilicate structure is developed as a result of removal of polymer by
pyrolysis, and leaving clayarticles behind.Clay particlesgained back thei
hydrophilic natureafter degradation of organic modifiendform stacks. Clay stacks
migrate to the surface cr@aj an insulating barrier. RisinQubbles(formed by
decomposition of organic modifiers and polgr) enhancaccumulation of clagon
surfa@ of burning polymer. Alsaecreased vissity of the polymer facilitatethis

migration.

In addition to barrier formation, clay particledso play an important role in char

formaton. Strong protonic catalythic sites are producedhanclay surface upo

thermal decomposition of orgamodifier. Those sites promotehar forming

reactions [2627]. The char promotion effect afanalay is observed in polymers
28



that do not normally produce char in neat form, such as ethylene vinyl acetate (EVA)
[28], polystyrene (PS) [29],acrylonitrile butadiene styren¢ ABS) [30] and
polypropylene (PP) [31]. Organomodifier of theancalay is assumed to be
responsible in this char promotion. It is observed thatalays having larger

amount of organomodifier havestdtedin higher char content in the system [26].

Nanodays can also change degradation pathway of polymers which they are
introducedinto. Clay layers entrap polymer chains in between and provide a super
heated environment. Polymer chains find chancegato additional, alternative
degradation reactions which in turn, leads to a reduction in heat releaj&¥tate

Carbon nanotubes were introduced as an alternative to traditional flame retardants
and nanoclays by Kashiwagi et al. in 2J82]. Various stuges confirm that CNTs
improve flame retardancy of large range of polymers such a83RSEVA [34],

PMMA [35], PP[36], PA-6 [37], LDPE[38] even at very low loading rate3 wt%).

More than 50% reduction in PHRR was detected with incorporation oWw@&®
SWCNT in PMMA systemg35].

Improved flame properties are attributed to formation of a protective, structured
nanotube network layer that acts as a heat shieldh®mpolymer underneath.
Network structure can also enhance barrier character, suppressohgion of
combustible volatiles and inhibiting oxygen flow. Consistent with suggested
mechanism, flame retardancy is found to be improved with better CNT dispersion

that results in more effective network structfirg].

Even though nanoclays and carbmanotubes have profound contributions on flame
properties of polymers, they become inadequate in lowering the total heat evolved
(THE) during combustion. THE values rematmost unchanged, suggesting that all
polymer burn eventually at the end of firetB nanoclagand carbon nanotubalso
increase viscosity and inhibit dripping of polymer, which resultgsufficient fire

test performancedsike UL-94 and LOI. Time to ignition (TTI) values aralso
affected unfavorably with introduction of nanoclaydo the system since early

degradation of the organic modification increase probability of early ignition.
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1.3 Literature Survey

1.3.1 Studieson the Flammability of Polystyrene

Polystyreneis a profoundly flammable polymerreleasing highly flammable,
volatile, monomeric and oligomericdgments in large quantities upon degradation
High flammability of PS can be heal®th introduction of propehalogenatednd
non-halogenatedlame retardant compound#o the system.

Among all norhalogenated flame retardanh use, by far the most preferable ones
are phosphorus based flame retardants. Flame retardancy effect of phosphorus
compounds on polystyrene is investigated through either by copolymerizing it or

simply by an additive approach.

Ebdon et al[39] copolymerized styrene with monomers containing covalently bound
phosphorus. LOI values are found to be raised up7td %O, with pyrocatechol
vinylphosponate copolymerization and char yield is increased5 wt% with
diethytp-vinylbenzylphosphonateopolymerization. Shu et g40] and Allcock et

al. [41] studied copolymer approach also, and found similar increases in LOI and
char yield of PS values with increasing phosphorus content. Tai €@2l.
copolymerized styrene with phosphorus and nitrog@rtaining monomer; AEPPA
(acryloxyethyl phenoxy phosphorodiethyl amidate). They found thatwi@
AEPPA increases thermal degradation temperaflgeand Tos of PS by36AC and

32/C, respectively. In their study, microscale combustion calorimeter (MSC
utilized to determineHeat Release Capacity (HR®y dividing maximum heat
release rate by the heating raleis reveaéd that AEPPA reduced HR@f PSby
285%. There are also patent studies on copolymerization of phosphorus containing

moromers withPSleading toV-O rated copolymer in U194 tes{43].

Price et al]44] investigated both additive and copolymerizing approaeVits 3.5
wt% phosphorus, using triethylphosphate (TEP) and digthgsphanate (DEEP) as
additives. It is seen that FEand EEP addition to PS causewcreass in LOI
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values from 1R up to 20.7 and 22.%0, respectively. Copolymers on the other
hand, resulked in increass up to 21.8 and 2%9.%0,. Maximum Mass Loss Rate
(MLR) was 25% lower than pure PS with TEP and DEEP, whilas 4050% with
copolymers. It wa concluded that phosphorus in copolyseted as char promoter
via formation of dehgrating phosphoric acid, i.e. the mechanism wasdensed

phase. Whereas, phosphorus in addstactedin gas phaseechanisms

In another study by Inagaki et. §5], tris(2,3dibromopropyl) phosphate (TBPP) is
incorporated into PS aan additive. It is stated that, with onBywt% addition of

TBPP, PS becamself-extinguishing. Furthermord,Ol values increased up to 27.9
and 31.3%0, with introduction of 5.15and 106 wt% phosphorus into PS systems,

respectively.

In a recent studyonducted by Beach et g¥6] various phosphais (triphenyl
phosphine oxide TPPQ, triphenyl phosphat€TPP), triphenyl phosphine sulfide
(TPPS) andbromine (hexabromocyclododecart¢BCD)) containing additives and
sulfur wereintroducedin to PS. It wa revealed that anique flame retardartctivity

was obtained when #t% TPP in combination with Wt% sulfur wereadded to PS,
causing a ghnificantincrease in LOI t®255 %0,. This synergy wa attributed to
enhanced degradation of PStire presence of sulfur. Sulfur degrades PS network
and eases delivery of TPP, which has a high potential of gas phase activity. TPPO
and TPP foundo decreas®©H radcal concentration by 40%ndicating thattheir

dominantmechanism was in the gas phase action

Literature survey[46-50] proves that addition of dogenatedflame retardants
improve flame retardancy d?Sremarkably.In the study of Beach et g46] 2.5
wt% addition of hexabromocyclododecane (HBOBgreasd LOI of PSup to 240
%0,. HBCD leads textensive HBr formation, which acés radical scavenger and
enhances PS degradatiafith the formation of high levels of styrene and multiple
dimer and trimespeciesKaspersma et al47] also studiedhe fire retardancy effect
of HBCD with and without syergist antimony trioxide in PS. Thepncluded that
V-2 rates werattained in UL94 testswith the mechanisms afhain scission and

flame poisomg.
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Halogencontaining flame retardants weatso studied in other styrenic polymers,
such as HIPS and AB38nd expandable polystyrene. It svatated by Weil and
Levchick [48] that flame retardancy properties of expandable polystyrene can be
enhanced with adddn of brominated flame retardant; HBCD in combination with
phosphorusin a patent study by Vet al [49], it was stated that decreasitige
amount of HBCDas low as2.5 wt% is possible by introduction of 04 wt%
phosphorus cadditive, suchas TPP. Thy revealed that incorporation of
deabromodiphenyl oxide (DBDPQJesultedin significant enhancemenh flame
retardancyof HIPS. A formulation of HIPS with 12vt% DBDPO and 5wt%
antimonytrioxide (ShOs) wasreported to have LOvalue of 25.3 %0, and V-0
rating in UL-94 test.

In the study ofMahdavian et al[50], synergistic effect of SK; and aluminum
trinydrate (ATH) with tetrabromobisphenél (TBBA) was evaluated in HIPS. It
was found that LOI value of HIPBcreasd up to 23.360, with additionof 15 wt%
TBBA and 4.5wt% Sh,O3; whereas systems containingvB% ATH instead of SEO;
only resulted in21 %0,. This indicates that $05; synergism with brominated flame

retardants is more effective.

1.3.2 Studies onthe Flammability of Polystyrene Nanocomposites

(i)  Studies on the Effects of Nanoclays

Polystyrenaianalay (PSNC) nanocomposites have attracted considerable attention
due tothe improvements irthe thermal and flammability performancd PS It has
been reported that even tvinanalay addition as little as Q. wt%, Peak Heat
Release RatéPHRR)is lowered by10% andonset degradation temperatufe {) is
increased by 4T relative to pure P1].

Flame retardancynechanism behinthis reduction waexplained by Gilman et al.
[25], based on formation of a higberformance a&rbonaceousilicate char that

insulates the underlying polymer. In this study, they exathin@rious
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nanomorphologies to explore hatrudure effects fire behavior. It waevealed that
intercalated structure shevenhancedlammability andthermal stability relave to
exfoliated onesPHRR decreasefi0% relative to pure PS upon addition ofnd%

nanalay.

Zhu et al [52] found similar resultsin their study nanalays with three different
modifications wee u®d toinvestigate effest of modifiers. Highst reductions in
PHRR of PSNC nanocomposites we seen for intercalated systems, rattiem
exfoliated one. Thefjound thatPHRRis decreased 58% wittihe addition of 5wt%
clay, and onset degradation temperature is insedaabout 5@C for all

nanocomposites

In another studwf Zhu et al [53], they suggested an alternative mechaniemthe
flame retardancyof nanalays which wasbased on paramagnetic sited3S-NC
nanocompositewere exanned to determine wheth@aramagnetiaron couldresult
in radical trapping. It wai.concluded that structural iron provides radical trapping but

this mechanism is functional only at lovanalay loadings

In the study of Morgan et gl54], a gasification apparatus watilized toexamire
char fomation of PS. The revealed that two types afanalay reinforced char
structure containing 28% carbonaceous matenight form depending on thermal
conditions Further studies conducted with gasation apparatus by Gilman et al
[55] verified thesetwo typesof carbonaceous char structure. One of them be
decomposed and volatilizdry heating in nitrogen antthe othercan be decomposed
by heating above 7@C in presence of aifThey alsosuggestd that a minimum

thickness of claycarbon char must build Upr thermal barrieto beeffecive.

Zhang et al[57] prepared PS nanocomposites containing oligomerically modified
nanc | avy, n a me dn difesent doadingsdHeya fguddthat midpoint and
onset degradation temperatiwgTos and Tp1) are increasedby 15/C and 7C,
respectively withthe addition of 8wt% triclay. In another stud{s8] Ty svalues wee
found to be increasednly 234C with addition of 3wt% and 5wt% 6 t r iirctd RSy 6
They also showed that PHRRIuesare reducedy 60% compared taeatPS
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Nazarenko et al[56] investicgated gas barrier effect of P8C nanocomposites and
statedthat oxygen barrier is formedue to tortuous diffusion pathway created by
interalated structureSchudz at al.[59] investigated the effect of asgt ratio and
dispersion of narmmays on fire behavior of PS. Synthetic and naturahalays were
used to examine different aspect ratihsvas found thatsyntheticnanalays with
higher aspect ratiosesult in 20% higher reduction in PHRR and higher thermal

stability than natudacounterpart.

Severalstudieshave beercited on the kinetics of thermal degradationf PSNC
nanocomposites/yazovkin et al[60] showed that introduction efanalay causse
an increase in effective activation energy of degradatwhich in turn leadto
enhancement of thermal stabili§ourbigot et al[61] revealedhatthermal sability
of PS is increased witlthe addition of nanalays which delaychainscission
promote charring and forprotective barries.

Jang et al[62] observed thananalays causechemical changes in degradation
pathway of PS nanocomposite®y analyzing the evolved products upon
degradation, it wacacluded that relative abundance of styrene monomer decreases
and new degradation products are originated with introductioaraglays. Radicals
trapped inbetween clay layers remain in condensed phase for longer time and find
more opportunity to undergoadical recombination reactions. This provides
degradation to expand over a period of time and leads to large reductions in PHRR
In another studyconducted by the same authdR7], it was also observed that
stability of the radicals have profound effeain the alteration of degradation
pathway. Thg showed thatnore stable the radicals formegon degradation, the
more opportunitythey haveto undergosecondary ractions For instance, higher
reductions in HRR werebserved for PS which produces highlgtde radicals that
goes through radical recombinatsoand random chaiscissiors in the presence of
nanalays. On the other hando reduction in HRR wasbserved for other polymers

giving less stable radicals
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(i)  Studies on the Effects b Nanoclays with Phosphorus Based Flame

Retardants

Even thougmanalay addition provides significant improvements in fire properties
of polymers;it is evident that they should be combined with conventional flame
retardants to develop highly efficient synergistic systems

For this purposeChigwada and Wilkig63] preparedPSNC nanocomposites with
phosphorus containing flame retardahis bulk polymerizationOver 30 different
phosphorus flame retardam&reintroduced into PSNC nanocompositeand they
were evaluated via high throughput technigdéais technique basically consist$
screening ignition resistance of samples, upon exposure to a methane flame. Out of
all  samples, tricresylphosphate (TCP), trixylylphosphate (TXP) and
resorcinoldiphosphate (RD®Jere found to yield good results with lack of ignition.
Theseflame retardantsvere further investigated to evaluatynergisticeffecs in
combination withnanalays. Addition of 30 wt% RDP and 5wt% clay resulted in
reduction ofPHRR as high as 92%, vdf is normally in the range of 5D% in
presence of onlynanclays. For the samesystemTotal Heat Evolved(THE) is
decreasedby 61%. It was alsorevealed that, 1t% clay addition to 30wt% RDP

and TCP containing systems resulted H0 Yatings in UL94 test.

In another study[64], ammonium polyphosphate (APP) was added to PS
nanocomposites containing MgAl layered double hydroxideH) asnanofiller. It

was observed thanhdividual addition of 5wt% MgAIl LDH and APPto PSdecrease
PHRRonly 17% and11%, respectively. But5/5 wt% combined addition ofhese

two causes a 42% reduction in PHRR, implying synergistic interactions in between.
This improvement wa attributed to enhanced char promoting action of APP in

presence of LDH.

In another study byheng and Wilkie[65] phosphates we inserted in PSIC
nanocomposites as a part of the organic treatmamarotlay, rather than traditional
addition approach. The results for all systeshewed thatTHE values decrease by

50% upon addition of phosphatentainingnanclay into PS. It wa suggested that
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presence ophosphorus causéhis decreasesincereductionin THE is nota typical
behavior of nanoclaaddition. Reductions in PHRR veefound to be raised up to
70% and 80% withthe addition of 5wt% and 10 wt% phosphate containing

nanalays, respectively.

Tai et al [66] investigated effest of phosphorus in PSanocomposites by
copolymerization approach Phospharsnitrogen containing monomeAEPPA
(acryloxyethyl phenoxy phosphorodiethyl amidatgith styrene monomersvere
copolymerizedvia bulk radical polymerization in presenceldtirconium phosphate
which ha layeredstructurehaving properties similar to montmorillonitenalay.
From MCC analysisit was @ncluded that HRGs reduced by 2% with AEPPA
copolymerization, and furthereduction wa observed up to 38 with 5 wt%
nanofiller addition Copolymerizing approach waalso investigated in a different
study, wth the same phosphorus monomers WililgAl LDH as nanofiller[42] This
time additon of 5wt% nanofiller in the form of MgAl LDH reduced HRC values as
high as 43%.

It seems that there is no specific research for PS investigating the possible synergism
of using nanoclays andiphenylphosphate (TPRhosphorus based flametardant

usal in this studyXogether. On the other hand, this synergism is explored for other
polymers includingABS, PP, PMMA, PC, etd-or example, Kim et a[67] studied
thermal stabilization enhancement of ABS by intercalating TPP into nanoclay
galleries,developing nand PP. It wa stated that evaporation of TPP is suppressed
and thermal stability of TPP is improved with intercalation. AlsD] values wee

found to be increased up to 440, upon addition of 6n:t% nano TPP and %%

char forming epoxy resiin ABS. He et al[68] showed that introduction of nanoclay

and TPP together in ABS result in higher improvements in flame retardancy in terms
of suppressed Peak Heat Release Rate (PHRR) and decreased LOI values compared

to using nanoclay alone.

Similarly, LOI and Cone Calorimeter studies of Li et 9] indicated that
synergism of epoxy intercalated nanoclay and TPP resulted in significant

improvements in flame retardancy of PP. Further TGA analyses @rthat
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evaporation of TPP is inhibiteditlv introduction of nanoclay due to shielding effect,
named as fAnanoconf i n&hreveated that ddmbimedauseddf Wi | k
nanoclay and TPP enhance fire properties of PMMA further, than incorporating them
individually. PMMA containing 2wt% nanochy and 22wt% TPP was found to

decrease PHRR value by 32% compared to pure PMMA. Feyz[éi pstudied fire

retardancy of PC/ABS blend systems and showed that use of a combination of TPP

and nanoclays, result in improvements in PHRR and LOI values highkr than

they expected.

(i)  Studies on the Effects of Nanoclays witBrominated Flame Retardants

Lu and Wilkie [72] studied fire performance of brominated flame retardants and
antimonyrioxide (AO) in presence ofnanaclay. Decabromodiphenyl oxide
(DBDPO) and AO added to PS systena a fixed ratio of 5/1by weight. It was
statedthatintroduction ofnanalay into DBDPO-AO mixture creates a synergisin

char formation which acts akermal barrier. This synergistic effeatas further
investigated in coneatorimeter.PHRR valueswere found to dcrease from 1166
kW/m? to 591 kW/m? with addition of12 wt% DBDPO-AO, whereassubstitution of

2 Wt% of this mixture with nanoclacauses furtherdecreaselownto 442kW/m?.

This further reduction waattributed tocombination of gas phase action and char
formation effect.

In the study of Wang et di73] the same flame retardamBDPO-AO mixture was
introducedinto another styrenic polymer AB3t was revealed that addition of 5
wt% nanalay in DBDPO-AO containing ABS results in decrease of PHRR78%
relative to pure polymeit was stated that, incorporatinganalays into thesystem
stabilizes the char structure; hence the timeeded for thelestruction of char v&a
found to be increased from 75 to5l8. With addition ofhanoclag DBDPO-AO
containingABS systemsalso obtaied V-0 rating in UL-94 test, whesas blends with
no nanclays failed

Wang et al.[74] also investigatel effecs of bromine in PS by gmlymerization

approachDibromostyrene andtyrene were bulk polymerized to obtain copolymers.
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It was found that,5 and 10 wt% of dibromostyrene/styrene copolymer
nanocomposites ithe presenceof AO result in reductions in PHRR up to 60d
70%, which is larger than normally seen for styrene namposite. In UL-94 tess,
V-0 rating wa obtained forthe copolymer having 10% dibromostyrene tihe
presence of 3vt% nanalay, 3wt% AO and 02 wt% antidripping agen{PTFE).
Also V-2 rate ofcopolymer havingd0 wt% dibromostyrenevas enhanced to -U

upon addition of 3vt% nancalay.

In the study of Chigwada et al75], dibromosyrene with vinylbenzyl chloridevere
introduced as the modification of nanalays. Addition of krominated nanalays
containing3 wt% Br resuledin 36% reduction iPHRRof PS whereaso reduction
was observed 8 wt% DBDPO containing PS Introduction of brominen the
modification ofnanoclayg also boughtsignificantreductiors in THE valuesas much
as38%.

(iv)  Studies on the Effects of Carbon Nanotubes witlBrominated Flame

Retardants

Carbon nanotubes have bdeat used inthe flame retardancy studied polymers in
2002by Kashiwagiet al.[32]. Effects of MWCNT onthe flammability properties of
PS werestuded by Cipiriano et al[33] by incorporating nanotubes with two
different aspect ratios of 49 (MBNT-49) and 150 (MVZNT-150) with mass
concentrations from 0.1 towt%. Solid like network structures werebtainedat 2
wt% of MWCNT-150 and 4wt% of MWCNT-49, which act as a heat shield and

causadecreasgin PHRR values.

In the study ofCostache et a[76], influence of nanotubes on thermal degradation
and fire retardacy of PS was investigated. It svaeen that, addition of Wwt%
MWCNT causs reducton in PHRR up to 60% and enhances thermal stability of PS
in terms of onset and migbint degradation temperatsrélowever GEMS analyses
reveaédthat; unlike nanoclayyanotubes haveo effecs on degradation products

PS
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Thermal decomposition studies conducted Awytonucci et al [77] show that
degradation temperature of PS systems increases upon increas€NTS\ohtent
due to absorption of free radicals generated during the PS decoumpdsiti

activated carbon nanotubarface.

In another study[78]; MWCNT was grafted with PS in an attempt to increase
nanotube adhesion with PS matrix. Degradation temperature of the nanocomposite
systens was found to be shifted to higher temperaturegealirg positiveeffect of

CNTson thermal stability.

CNTs were combined with conventional flame retardants in various studies in order
to generate synergistRSsystems. In the study of Tutunea and Wilki8], 1.5wt%

CNT was added to RDResorcinoldiphosphateATH (aluminum trihyrate) and
DECA (decabromodiphenydxide) flame retarded PSTGA results shoedthat both
onset and midpoint degradation temperatuses increased and char conteist
greater than expected. Moreover; 43% reduction in PHRR obtdipetd wt%
DECA containiig PS, further increased wp 69% withthe addition of 0.20.5wt%

CNT.

In another studypy Lu and Wilkie[80] synergistic effeof CNT with DBDO-AO
flame rearded PS was investigated. Itsveeen that replacement of 2 anait36 of
DBDO-AO by MWCNT resulsin 42% reduction in PHRIue tothe formation of a

networkstructurein the condensed phase during burning

(v) Studies on the Effects of Nanocomposite Mixing Method

Basically threemixing methodsmelt intercalation, solution intercalation andsiitu
polymerization are utilized in order to obtain-RE nanocompositesType of the
mixing method might influence many properties of the nanocompositesder to
investigate effest of mixing method Schuéz et al. [59] prepared PSIC
nance omposi tes vi a and&relt mixingoThey statedthah gpie

aggregates remain in melt blenditepading topoorer mechanical properties and
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lower reductions in PHRR. Onhé other hand, solution mixingealted in
homogenously dispersed structwvegh higherproperties.

Wang et al[81] synthesizd PSNC nanocomposes viafin-situp ol ymer i zati on
bulk, solution,suspensionral emulsion polymerizatiotechniquesit was observed

that exfoliatedstructure obtainedlia bulk polymerizatiorexhibit betterthermal and

mechanical propertiesompared tantercalated system#n the study of Samakande

et al. [82] PSNC nanocomposites werprepared by irsitu bulk and solution
polymerization. It wa stated that bulk polymerization gives exfoliated structure
whereas intercalated morphologies wasebt ai ned i n sol uti on. C

findings, intercalated structures were found to be most thermally stable.

In another studypy Wang et al[83], PSNC nanocomposites were prepared wvia
situ free radical polymerization. It sastated that thermal stabilipf neat PSis
i ncr eas ed Similr rasuts weeohtadedin the study of Zhong et g84].
They indicated thain-situ free radial bulk polymerizationresulted in more than

50AC increase in th&ys of pure PSwith nanalay loading of 4-9 wt%.

Krishna et al [85] investigated the effestof processing conditions anthnalay
loading on the thermal degradation of PSC nanocomposites.Exfoliated
nanocomposites with 5%analay obtained by solvent blending at Z00gives s
values 172C higher than that of pure PS. tine study of Wang et al86], PSclay
nanocomposites we prepared via Hsitu polymerization mbod. It wa stated that
nanocomposites with wt% nanalay loading gives Js values 28C higher than that

of pure PS.

1.4 Aim of the Study

Polystyrene (PS) is a commodity polymer, manufactured on a very large scale. Even
thoughi t bditde nature limits its use in high performance engineering applications;

its transparency, ease of coloring and production makes it useful in applications
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including packaging, light covering and transparent parts of electric appliances. In
many of thes applications, flame retardancy is required.

Nanalays (NC) attract great attention owing to the improvements they provide in
thermal and flammability performanoé many polymersTherefore the first aim of
this study is to investigate effeaf nanoclays omtheflammability of PS.

It is seen that although introduction of nanoclays result in enhancement of flame
properties, improvements they provide become inadequatasiaising most fire
regulations.Thus, itwould be betterthat nanoclayshould be used together it
conventional flame retardantsn order to develop highly efficient synergistic

systems.

Therefore the second purpose of this study is to investigate contribution of
nanoclays to the flame retardancy performance of conveltighosphorus based
flame retardantriphenyl phosphat€TPP) and its synergighelamine cyanurate
(MCA).

As the third purposecontribution ofnanoclaydo the flame retardancy performance
of another conventiondlalogenated flame retarddsmominated poxy polyme(BE)

and its synergisaintimony trioxidgAO) was investigated.

In the literature carbon nanotubes weralso introduced as an alternative to
nanoclaysto improve flame retardancy ahany polymers Therefore, as the fourth
purpose of thistudy, effects of carbon nanotubes (CNT) on the flame retardancy of

PS with and without conventional B&O flame retardant system was investigated.

As an additional purpose; effecs of nana@omposite mixing method on the
flammability behavior was also investigated. For this purpose, PSNC
nanocomposites were prepared vigolution mixing method and in-situ

polymerizatiormethodfor comparison.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

(1) Matrix Materials

In this study matrix material was used in two different forms. Duswoigtion mixing
method solid granules of polystyrene (PS) was used by dissolving in a certain
solvent. However, duringn-situ polymerizationmethod, liquid styrene monomer
was polymeried by using initiato? , -&dbis(isobutyronitrile) (AIBN) in the form

of white powder. These matrix materials and initiator were all supplied from Aldric

Co., their chemical structusnd properties are given in Table 2.1.

(i)  Solvents

In this study, solvents were used for two main purposes. First of all, they were used
for solution mixingmethod of nanocomposite production, and also dolvent
screeningprocedure of carbon nanotubes. Details of these procedures are given in
Section 2.2Seven different solvents used were as follows: Tolukeahydrofuran
(THF), Chloroform, Dichloromethane (DCM), N,N Dimethylformamide (DMF),
Acetone and Ethanol. They are all supplied from Aldrich Co. Tablai2es their

chemical structurand propeies.
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(i)  Conventional Flame Retardants

In this study, two basic traditional flame retardants were used. The first one was
Triphenyl Phosphate (TPP) (phosphoric acid triphenyl estesupplied from Merck
Chemicals. The second one was Brominated Epoxy) (BEtribromophenol end

capped brominated epoxy oligomgoroduct of ICL Industrial Products (Israel).

In this study, two more traditional flame retardants were used as the possible
synergists with the previous basic ones. That is, Melamine Cyar(it&t8) (the

salt of melamine, a nitrogen based compound and cyanuric acid) was used together
with TPP, and Antimony Trioxide (AO) ($0s;) was used together with BE.
Chemical structure and properties of these traditional flame retardants are given in
Table 23.

Table 2.1Chemical Structurand Roperties of Matrix Materials and Initiator

Chemical Structure Properties
Molecular Weight 192000 g/mol
Polystyrene n Softening Pointl 0 7 A C
(PS) _ .
[CH.CH(CeHs)], Melt Inde>,<.6.09.0/10 min
(200AC/ 5kg)
Styrene \CH MolecularWeight 10415 g/mol
Monomer 2 Density:0.906 g/mL
CeHsCH=CH, Boiling Point 145A C
Azobis HyC, CHs
isobutyronitrile NECXN"N C=N||Molecular Weight 164.’21g/mol
(AIBN) HsC CHs Melting Point:102104A C
CgH12N4g
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Table 2.2Chemical Structurand Properties of Solvents

Chemical Structure Properties
CH, Molecular Weight92.14 g/mol
Toluene Density:0.865 g/mL
CeHsCHs . : .
Boiling Point: 110111A C
Molecular Weight72.11 g/mol
Tetrahydrofuran _
(THF) Density:0.889 g/mL
C4HgO O Boiling Point:67A C .
NN O Molecular Weight73.09 g/mol
Dimethylformamide )k _CHs Density:0.948 g/mL
(DMF) H N . : <
CsH;NO C|:H3 Boiling Point:153A C
H Molecular Weight119.38 g/mol
Chloroform (l:‘ Density:1.48 g/mL
CHCI; CI/ \“'CI Boili oAk
Cl oiling Point:61A C
_ H Molecular Weight84.93 g/mol
Dichloromethane | .
(DCM) C\ Density:1.32 g/mL
CH:Cl, Clgl/ H Boiling Point:40A C
@) Molecular Weight: 58.08 g/mol
Cﬁcgg)gib )_l\ Density: 0.791 g/mL
° H3C CHs Boiling Point: 56\ C
Molecular Weight: 46.07 g/mol
Ethanol H; . J J
(EtOH) H.C /C\OH Density: 0.789 g/mL
CH3CH,OH 3 Boiling Point: 78\ C
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Table 2.3Chemical Structure and PropertieGuinvertional Flame Retardants

Chemical Structure Properties
. Molar Mass:326.28 g/mo
Triphenyl 0““|F|-|/0 Density:1.206 g/cm
PQ_?_;FI’Dh)ate 0 Melting Point; 4850A C
(CeH50)5PO é Boiling Point:2 2 0 AC
Form: White Flakes
H\
N—H------- O H .
Melamine H o N YN Density: 0.30.4 g/cnt
A N TR _
Cyanurate N N HON = Particle Size: 14 7 ¢
(MCA) Heoon=( JN _
CeHoNgOs H.N H o H Form: White Powder
Molecular Weight: 1800
B B Of
Brominated 0|Hz g/mol
rominate . _ SV o
Epoxy e i PRI Density: 1.9 glerh
0 Er/ O Br
(BE) . || Br Content : 52%
Form: White Powder
Antimony o//Sb\O ParticleSize: 0.31 . 1 ¢
Trioxide | O | Purity: 99%
(AO) Sb~|\o/8b . _
ShOs O"'Sb""o/ Form: Fine White Powde

(iv)  Nanoadditives

The main nanoadditive used to investigate effects of nanoparticles on the flam
retardancy of PS waSloisite 10A Nanoclay (Southern ClayUSA). It is a natural
montmorillonite modified with dimethyl, benzyl, hydrogenatedtallow, quaternary
ammonium Properties of Cloisite 10A andhermical structure of & modifier are

given inTable 2.4
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Table 2.4 Properties of Cloisite 10And Chemical Structarof its Modifier

Property Value Chemical Structure of
Modifier
Color Off White
%10 < 2 CH;
Dry Particle Size %50 < 6 N
CH; — N —CH;
%90 < 1 . | ? D
Density 1.99g/cc HI

% Weight Loss on 39% where HT stands fd

Ignition hydrogenated tallow; lon

Modifier Concentration || 125 meq/100g cla]|organic molecules havir
~65% C18; ~30% C16; ~5
Ci14.

d-spacing 1.92 nm

In this study, effect of arbon nanotubeen the flame retardancy of PS was also
investigated. Forthis purposemultiwalled carbon nanotube Na n o ¢APQ0 E
(Nanocyl, Belgium)wasused Their properties are given in Table 2.5

Table 2.5Properties of Nanocyl 7000 Carbon Nanotibe

Property Value
Average Diameter 9.5 nm
Average Length 1.50m
Carbon Purityignition 90 %
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2.2 Production of the Specimens

In this study, compounds and nanocomposites were basically produced by using
ASol uti on Mi xi nw®vestighteh oedf.f elcnt sorodferpr oduct
Situ Polymerizationo was also used as an
are explained below while basic flowcharts for the Solution Mixing ansitin
Polymerization methods are given in Figures 2.1 and 2.2, respectively. After
compounding, Sspeci mens for testing and
mol di ngo an dmoifilcdoimpgroe.s sWiothh r espect to the
study, specimens were produced in five different groups. Designations and

compositions of these specimen groups are given in Table 2.6

(i) Compounding by SolutionMixing

Nanoclag in certainamounts were dissolved in toluebg usingmagnetic stirrer
with a ratio of 0.01 fgnL. After dissolving, to enhance dispersicand
intercalationéxfoliaton of the clays, this mixture wgafurther held in ultrasonic
stirrerfor arotherhour. After this st@, nanoclay and toluene mixture waaced on
magnetic stirreagain to addPSinto this mixturewith ratio of Q1 g/mL. The reason
of not introducing PSnto the system before this stage sassing ultrasonic stirrer
which might leadto chain breakageesuliing in decreasg¢ molecular weight.That
mixture wasfurther stirred @ magnéc stirrer for 6 hours anghoured into petri
dishes thendried for solvent removaht room temperature for 5 daySor further
evaporation of the residual solvents, nanocaositps obtained were grinded akejpt

overnight in a vacuuraven atl 2 0.A C

Before preparation of carbon nanotube containing nanocompogiéeameters
effecting the distribution were determined, such as cora@ and stirring timeas
preliminary step.Carbon nanotubewith a ratio of 0.001g/mL were dissolved in
tetrahydrofuran (THF) with mangtic stirrer. After dissolvingo enhancelebundling
and dispersion of CNTsnixture wa further held in ultrasonic stirrer for @ther
hour. Then, PS wa added ito CNT-THF mixture with a ratio of 01 g/mL and

ultrasonic stirring was applied for another 15 misut®uring this period, the aim
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was to incorporatepolymer chains within nanotube bundles as far as it is
thermodynanually feasible The rest of the procede was the same applied for

nanoclay containing compounds explained above.

Nanocomposites having traditional flame retardants were produitbdhe same
procedureexplained aboveAfter sonication of nanoclayand carbon nanotubés
ultrasonic stirrertraditional flame retardants were incorporated into systeyather

with PSin catain amounts.

(i) Compounding by In-situ Polymerization

As a first step, styrene monomers were distilled in order to remove inhibitors present
in the system. Distilled monongemwere dissolved in toluene (25 g/100mL) via
magnetic stirrer and nanoclays were incorporated into the system. To enhance
dispersion and monomer intercalation in between clay galleries, mixture was put in
ultrasonic stirrer for 1 hour. After this step,itotiate polymerization of monomers
intercalated in between clay galleriemzobis(isobutyronitrile) (AIBN) ( 2% of
styrene) was added into the systemThe resulting mixture wa
hours under nitrogen atmosphere in order to completgmerization. Then the
material wakept in petri dishes for drying and solvent removal at room temperature
for 5 days. For further evaporation of the residual solvents, and monomers that were
not participated in polymerization process; obtained nanocsitegoweregrinded

and kept overnight imacuum ovenat 2 0 A C .

The same procedure was followed forsitu polymerization of nanocomposites
having traditional flame retardants. These additives in certain amounts were added

into the system 12 hours aftaitiation of polymerization.
Designations and compositions of the specimens prepared via solution mixing and

in-situ polymerization are given in Table 2.6. Note that, specimens prepared by in

situ polymerization a+te designated with
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Mixing via Magnetic Stirrer
Toluene/NC (0.01 g/mL)
or
THF/CNT (0.001 g/mL)

|

Ultrasonication for 1hr for
Dispersion and
Intercalation/Exfoliation

|

[ Magnetic Stirring for 6 hrs J

|

[ Pouring into Petri Dishes }

|

Drying for Solvent Removal ai
RT for 5 days

|
[ Grinding ]
|

Residual Solvent Removal in
Vacuum Oven a
hrs

|

[ Shaping by Compression anﬂ

Injection Molding

Figure2.1Basi ¢ Fl owchart

49

Addition of PS
(0.1 g/mL)

|

used

n

i Sol

ut i



Monomers

|

Mixing via Magnetic Stirrer
Styrene/Toluene (25 g/100mL
+Nanoclay

|

Ultrasonication
for 1hr for
Intercalation/Exfoliation

[ Distillation of Styrene }

Addition of
l <«——| AIBN aslInitiator
(2% of styrene)

Polymerization via Magnetic
Stirring for 2.
Nitrogen Atmosphere

Addition of
l <«——| Flame Retardants
after 12 hrs

[ Pouring into Petri Dishes}

|

Drying for Solvent
Removal at RT for 5 days

|
[ Grinding ]
|

Residual Solvent and Monome
Removal in \{acuum Oven at
120AC for 1

|

[ Shaping by Compression aﬂ

Injection Molding

Figure 2.2Basic Flowchartusedifl-sni t u Pol ymeri zati ono
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Table 2.6Designations and Compositionstfo) of the Five Specimen Groups

Specimen PS NC CNT TPP MCA BE AO
PSNC1 99 1

PSNC3 97 3

PSNC5 95 5

PSNC7 93 7

PSTPP 85 15

PSTPP-MCA 75 15 10

PSTPP-NC 80 5 15

PSTPP-MCA-NC 70 5 15 10

PSBE 80 20

PSBE-AO 77 20 3
PSBE-NC 75 5 20

PSBE-AO-NC 72 5 20 3
PSCNT 99 1

PSBE-CNT 79 1 20
PSBE-AO-CNT 76 1 20 3
I-PSNC 95 5 20 3
I-PS-BE-AO-NC 72 5

PS: Polystyrene AO: Antimony Trioxide BE: Brominated Epoxy

NC: Nanoclay TPP: Triphenyl Phosphat i-: In-situ Polymerization

CNT: Carlon Nanotube

MCA: Melamine Cyanurate
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(i)  Shaping by Injection and Compression Molding

The specimens for tensile tewjiwere shapely injection molding using a lakcale

injection molding machindDSM Xplore 10 cc Micro Injection Moldej. During

molding, barreltemperatureand mold temperatureere kept at 228C and 55 AC
respectively, and heating time was set as 5 minutes for each Dyeléo decreases

in viscosity and thermal stability observed uponitaid of TPP ino system, barrel

temperature was | oweredysttns 180AC for TPP

Specimens forflammability tests (LOI, UL-94 and MLC were shaped by
compression moldingmachine Materials in the mlds with 10&10x2 mm
dimensionswere preheated for Binutes at 200 C  shendompressed undér00
bar pressure for minutesFor LOI and UL-94 tests, plates were cut int@x100x2

mm bars, while for MLC tests square platesl60x100x2 mm were used directly.

2.3 Flammalbility Tests of the Specimens

Mass Loss Cone Calorimeter (MLCl)jmiting Oxygen Index (LOI) and U{94
vertical burning tests were utiéd in order to investigate flammabiliproperties of
all specimens. Detailed explanataof these tests were given in Section 1.thlis
only the guipment and the standards used are mentioned below.

(i) UL-94 Vertical Burning Test
UL-94 V test measusematerial behavior upon removal of flame dimde to self
extinguishment. Ut94 tests havéeen appliedaccording to thestandardUL-94

Tests for Flammiaility of Plastic Materials for Parts in Devices amippliances

developed by Underwriters Laboratori&€sSA
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(i) Limiting Oxygen Index (LOI) Test

LOI tests measures minimum oxygen concentration in nitrogggen mixture that
will sustain burning. Oxygen concentrations were determined according to
procedures explained 5O 4589Determination of Brning Behavior byOxygen
Indexby usingan Oxygen hdex appratus (Fire Testing TechnolodyK)

(i) Mass Loss Cone Calorimete(MLC) Test

MLC tests were performed according to procedures explainEsidnl3927Simple

Heat Release Test Using a Conical Radiant Heater and a Thermopile Detactor
order to measure heat release rates and mass loss rates of the burning specimens.
Specimenswere testd under aheat flux of 35 kW/rin Fire Testing Technology

(FTT) Mass Loss Cone Calorimeter with KeithldgUSB- 3108 data accusation

system

2.4 Other Tests and Analysis

(i) X-Ray Diffraction (XRD) Analysis

XRD analyss were conducted in order teharactaee distribution and
intercalation/exfoliation of nanoclay layerkterlayer spacingof nanoclays we
determinedu si ng Br ag @s &d whatep;demotes the wavelength of the
X-ray radiation used] denotes interlayespacing andf is themeasured diffraction
angle Injection moldedspecimens weranalyzedvia Rigaku DMax 2200 xRay
diffractometerunder monoc hr omat i ¢ f& thi diffractiandangle? d o n ,

rangeofL A o uiitbads canni ng speed of 1A/ min.
(i) Transmission Electron Microscopy (TEM)

TEM was usd for further visual investigeon of nanoclay distribution and

intercalation/exfoliation level of the layers. Specimens with thickness ofnh®0
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were cut by an ultranicrotome Lecia EM UC 6, with a diamond knife, operated at
room temperature. Transmission electron microscopy was conductedF®&ith
Tecnai G2 Spirit BioTWINat an acceleration voltage of 80 kV, and alsdl6§ kV
JEOL JEM2100.

(i) Scannng Electron Microscopy (SEM)

SEM wa used ér morphologicalanalysis offracture surface of tensile testing
specimens andharsof LOI specimen®y usingFElI Nova NanoSEM 43andJEOL
JSM-6400 microscopes.

(iv) Thermogravimetric Analysis (TGA)

TGA wasconducted in order to investigate therrdafradatiorof samplesAnalyses
were performed vidPerkin Elmer Pyris lthermogravimetric analyzer from room
temperature td00XC at a heating rate of A0/min, undernitrogen flow of ®

ml/min.

(v) Tensile Testing

Tensile tests were performed in order to investigdfecs of nanadditivesand

flame retadans on mechanical performance. Dogbone shaped specimens are pulled
by a10 kN universal testing machine (Shimadzu AGQSvith a crosshead speed of 1
mm/min, according tothe standardSO 527 Plastics - Determination of Tensile

Properties
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CHAPTER 3

RESULTS AND DISCUSSION

In this study the effects of nanockyand carbon nanotubesith and without
presence of traditional flame retardants additionally,effect of mixing method on
flammability of PS nanocomposites were investigated. Detailed flammability
measurements were done on samples by means -@4ULimiting Oxygen Index

(LOI) and Mas Loss Cone Calorimetry (MLCegdts. In addition to flammability
tests, samples were also characterized by XRD, SEM, TEM and mechanical tests.
TGA was also conducted in order to investigate thermal stabilities of samples.

Results of these studies are discussed below.
3.1 Effects of Nanoclays

In first part of our studygeffecs of nanoclay additioron the flame retardancy
performancef PS weranvestigated. Clays of Cloisite 10A was amporated into PS
matrix from 1% to 7%in order to find nanoclay content having optimum properties
in terms of flammability Designationsand compositions of thepecimens produced

for this purposeare given in Tabl8.1.

Table 3.1 Designations and Compositionstfo) of the Specimens

Specimens PS NC
PS 100 -
PSNC 1 99 1
PSNC 3 97 3
PSNC 5 95 5
PSNC 7 93 7

PS: Polystyrene NC: Nanoclay
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() Nanocomposite Formation

X-Ray Diffraction (XRD) patterns and Transmission Electron Microscopy (TEM)
images wereanalyzedin order to evaluate dispersion and exfoliatiotercalation

state of nanoclays in PS matrikigure 3.1 indicates thafristine Cloisite 10A
nanoclay (NC) has a sharp peak at 2d=4.9
of 1.8 nm Two main diffraction peaks are obsenfed all compositions of PSIC at
nearlythesame 2d values wi.tThhediffifreste@npBedadknt
corresponds to interlayer spacing of 3.1 nm indicating that intercalation of PS chains

through clay galleries were very well achieved.

Second diffraction peak <dspagng eftl.7 @d=5. 26
Second peak could be due to cktgcks forming a microcomposite structure. It is

known that in order for PS chains to intercalate through all clay galleries siutiges

via solvent blendinga minimum critical PSoncentrationshould be sustained in

mixture [24].The decrease observatd-spacing from 1.8 nm in original Cloisite 10

(NC) to 1.7 nm in the RS8IC specimen could be due to change in conformation of

alkyl chains of organic modifiers in between clay galleries. dFepacing collapse of

nanoclays was recently shoysi’] to occurvia a reversible physical process in low

utilized temperatures and exposure times, as in the case of present study.

For furtherassessmendf dispersion and exfoliation/intercalation state of-NS
systems,TEM analysis wasonducted for PSIC5 which catains 3vt% nanoclay.
TEM images of PSNC5 given in Figure 3.2a) confirmed that; homoge®rous
dispersion of nanoclays in PS matrix was achdewgth almost noformation of
agglomerates. Higher magnification in FigeXb) further reveals that PS was
intercalated into clay galleries verifying nanocomposite formaiwith also certain

level of exfoliation.
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Figure 3.1 XRD Patterns of the Nanocomposite SpecimamNanoclay
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Figure 3.2TEM Images of PGNC5 Specimens gowing(a) Uniform Distribution
and(b) Intercalation/Exfoliation State of the Clayyers
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(i)  LOI and UL -94 Flammability Tests

LOI and UL-94 tests wee done to samples in order to investigate effethanoclay
addition on flammabilityof PS Results of both LOI andL-94 testsare summarized

in Table 3.2. Figure 3.3shows the appearances of the burnt specimens after LOI
tests while Figure 3.4 showSEM mcrographs of the surfaceharlayers of LOI

specimens, respectively

Table 3.2Results oL Ol andUL-94 Flammability Tests

Specimers LOI (O,%)? UL-94 Rating®
PS 18.0N0 . 2 Fail
PSNC1 18. 3 NO. Fail
PSNC3 186N0 . 2 Fail
PSNC5 190N0 . 2 Fail
PSNC7 19.5 NO. Fail

30xygen level required for sustait flaming combustion

P Materials flammability classifications for stringent vertical orientation; Fail (flame extinguishing t < 3@s), V
(flaming drips, material sekxtinguishes at 10<t<30 s);V(material sekextinguishes at 10<t<30 s, without
dripping), V-0 (material skextinguishes at t>10 s)

Although there was no improvement in {94 rating, t can be seen that LOI values
increasedslightly with increasing clay conternfor instancePSNC1 nanocomposite
having 1wt% clay need 18% oxygen to sustain burning whesethis value
increases up to 19.%0, for PSNC7 having 7wt% clay. This is attributed tdhe
formation of carbonaceous char in admarring PS with presence of clay. This
carbonaceousilicate charboth acts as heat and mass transport barrier and inhibits
flow of flammable volatile gases to combustion zokkre effective barrier wa

originated as clay content increases resulting in higher LOI values.
This condensed phase mechanism is apparent in the imagegid 3.3taken after

LOI test showingcharformationfor PSNC5, whereaonly degradatiorand meling

for neat PS Further residue analysisonducted viaSEM (Fig. 3.4) also reved
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contribution of clag viaformation of strong char laygactingas an effective barrier
for heat and mass transport.

PS PSNC5

Figure 3.3 Appearances of the Specimens after LOI Test

Figure 3.4 SEM Micrographs of the SurfacharLayers of LOI Specimen@) PS
and(b) PSNC5
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(i)  Mass Loss Cone Calorimetry

Fire behavior of samples wasalyzed with Mass Loss Cone Calorimetéren, (a)
HeatReleaseRate (HRR)vs. Time, (b) Total Heat Evolved (THE) vs Time, and (c)
Mass Loss Rate (MLRJs. Time graphs of samples gabted to an external heat flux
of 35 kW/nf are given in Figure 3.9mportant parameters derived from obtained
data are tabulated in Table 3.3

Figure 3.%a) shows that adition of nanoclay resustin progressivereductions in
PHRR with respect to pure ABainly due tochar formationmechanismPHRR is
reduced in parallel h clay contentsince more dense and effective barrier can be
obtained with increasing clay additiohhis barrier inhibits flow of flammablgases

to surface angbrotects underlying polymer aralso alters degradation pathway of
PS It is observed after cone studies that residual &dhto formation of a heavier
and integrated barrier covering all surface upomt® and morenanclay addition.

In 5 wt% nanoclay containing PSC5 gecimen, PHRR is reduced by %3
compared to neat P3his alsoreveals that good nanodispersion has been aade
since no reduction in PHRR wabserved for microcomposites in previous studies
[88,89]

Similar shapes oHRR (Fgure 3.5a)) and MLR (Fgure 3.5(c)) curves also reveal

that nanoclag basically work in the condensed phase flame retardancy mechanism
Evaporation of flammable volatilewasslowed down duett nanoconfi nement
labyrinth effect of silicate layers. As a result, diffusion of combustible fire products

to gas phasdiminishes and time needed fm#ak ofHRR and MLRwas expanded.

It is seen from Figure8.5b) that THE values decrease slightly with addition of
nanclay. Drastic changeer THE valuescould not be observed since almost all fuel

burned eventually at thend releasing the same amount of heat.

Table 3.3 indicates that Time To ¢nition (TTI) values areshortened with
incorporation ofnanalay as aresult of early evaporation/degradation of argc

modifier from the system. Compared to neat P8tal Burning Time(TBT) for PS
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NC systems having ®t% or morenanalay are much longeowing to the barrier
formed that protectthe underlying polymer.

Fire Growth Index (FGI=PHRR/TTI) and Fire Growth Rat Index
(FIGRA=PHRR/TTPHR) givenformation about flara spread and flame spread rate,
respectively.Table 3.3 also shows thapen addition of 5m% nanclay, FIGRA
values of PS decreased from 6.9 t@, 4howing thatnanalay is effective in
suppressing flame spread rafEHE/TML ratio gives information abduflame
retardancy mechanism. When flame retardancy action is in gas phase, THE/TML
ratio reduces significantly with respect to pure polymer. When flame retardancy
action is in condensed phase, THE/TML ratio does not change witichthat of

pure polymerlt is seen from Tabl8.3 that, THE/TML ratio of PENC systems is
similar to pure PS, indicating thdbminantflame retardancy mechanism is time
condensed phase.
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Figure 3.5 (a)Heat Release Ratfg) Total Heat Evolved anft) Mass Loss Rate
Curves of the fecimens
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Table 3.3 Parameters Determined from Mass Loss Cone Calorimeter

Specimens THEaZ PHRR;’ TTIC TBT¢ TTPHR® FGlf2 F|GRA2g THE/TML " Char
(MJ/m*) (kW/m*) (s) (s) (s) (kW/m<s) (kW/m<s) (MJ/m<.g) (%)
PS 59.9 672 63 279 97 10.7 6.9 3.0 0
PSNC1 55.0 576 41 241 94 14.0 6.5 2.8 3.6
PSNC3 49.2 472 45 276 101 10.5 4.7 2.6 6.2
PSNC5 47.3 449 45 320 108 10.0 4.2 2.5 7.9
PSNC7 47.0 422 37 311 104 11.4 4.1 2.5 9.3

aTotal Heat Evolved: Total heat released at the end of the fire scenario

b peak Heat Release Rate: Contribution of a material to fire flashover severity

“Time To Ignition: Time interval between sparking and ignition

Total Burning Time: Time between ignition and extinguishment of the flame

“Time To Peak Heat Release: Time aichhheat release rate reaches its maximum values
fFire Growth Index: Contribution of a material to fire propagation, where FGI= PHRR/TTI

9Fire Growth Rate Index: Contribution of a material to fire propagation rate, where FIGRA= PHRR/TTPHR
"Total Heat Evolved/Total Mass Loss: Parameter to evaluate whether flame retarding action is in the gas or condensed phase
'Char Yield: Amount of solid fire residue measured at flaae
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(iv)  Thermogravimetric Analysis

Thermogravimetricanalyses wereconducted in mler to investigate effestof
nanoclag on thethermal degradatiobehaviorof PS Thermogravimetric (Tgand
Differential Thermogravimetric (DTG) curves tife specimens are given in Figu
3.6(a) and K), respectively. Peak ma loss rate of differential thermogravimetry
(PMLR), 5% mass loss temperature4), 50% mass loss temperatyigo) and %

residue values determined from thesirves are tabulatéd Table 3.4

Tabl e 3.4 s ho wsdectedsain onseegradation itemperhtili(@s6)

with addition of 5wt% nanoclayinto PS. This result i;n agreement with TTI values
obtained in MLC, in which addition of nanoclay lowers ignition time tuearly
degradationof the organic modification. The miepoint degrdation temperature
(Tsow) is increased y 2 7 A @ICS specirRe® compared to neat PS due to char
formationin the presence ohancalay; acting as a barrier for both mass and heat
transport. This barrier inhibits diffusion of volatiecomposition produstand
protects inner part of samglérom high temperatures attainatithe surface during

burning.

Barrier formed inthe presence ohancalays also change degradation kinetics of PS.
It is known that~35 wt% of nanoclay (Cloisite 10A) is composed of organic
modification which is not stable amttcomposes at elevatezinperaturesWhen all
modification evaporates 3.2bt% silicate present in system leads tovd% char
yield, proving thatnanalay altes degradation pathwaof PS and enhance char
formation.Contribution of nanoclag/to thermal stability by the mechanisifnbarrier
formation is further proved with reductions observed in pbtdss Loss Rate
(PMLR) values in Table.4.
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(DTG) Curves of ecimens
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Table 3.4 Thermal Degradation Parameters Obtained from TG and DTG Curves

Specimens oo Tsos PMLR © Char®
( AC) ( AC) (%.s™h) (Wt%)

PS 379 416 0.50 0.0

PSNC5 368 443 0.32 5.0

2 Tsy Thermal degradation temperature fd¥5mass loss

® Teoos Thermal degradation temperature forsmass loss
°pMLR: peak Mass Loss Rate

iChar: % Char yield at 600 AC

(v) Mechanical Behavior

In order to investigate effexof clay addition orthe mechanical performancd PS
tensile tests wereonducted Mechanical properties obtained from these tests are

tabulated in Table 3.5, while their typical stres®in curves are given in FiguB.7

It is seen from Table 3.hat Y oMadwudcf PSis increased in parallel with
increasingnanalay contentHighest increaséas much as 37%3$ seen for PSIC7
systems, having Wt% nanoclay This enhancement is attributedrastrictionof PS

chain mobility caused by high moduslinorganicclay.

As canbe seen fronTable 3.5 andrigure 3.7 tensilestrengthof PSincreases with
clay addition This is attributed to strong polymetay interactios caused byhe
formation of nanocomposite structure vrgercalaion/exfoliation High levels of
interactions increase load bearing capacities ahonlay layers thus improve
mechanical performancélaximum increasein tensile strength (as much as 16%)
was obtainedby only 1wt% nanoclay addition (R8IC1). Increasing clay loading
resulted in slight decreases possibly due to the difficulties in horeogen

distribution.

SEM fractographs in Figure 3.8 show that neat PS and nanocomposidC{PS
specimens have similar level of ftate surface roughness. Thus, nanocomposite

formation leads to no significanhange in the % Elongation ate2k values.
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Table 3.5Tensile Mechanical Properties of the Specimens

Speci Youngs Tensile Elongation
pecimens Modulus Strength at Break
(GPa) (MPa) (%)
PS 221NO0 . 3 4 49 NO. 6 26N0. 17
PSNC1 2. 37N0. 57N0. 4 2. 3N0
PSNC3 2. 54N0. 55N0. 9 2. 8NO0
PSNC5 3.20N0O0. 54NO0. 3 2. 7N0
PSNC7 3.02N0. 52N0. 5 2. 8N0
60'!! T v )
— 40 = 7
(1]
o
=
2 —=—PS
£ —v—PS-NC1 _
A 20- —+— PS-NC3
—e— PS-NC5
PS-NC7

0,01 : 002
Strain (mm/mm)

0,03

Figure 3.7 Tensile Stres$train Curves of the Specimens
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Figure 3.8 SEM Fractographs of the Tensile Test SpecinfahBS andb) PSNC5

In this first part of the thesis, it was seen that incorporation of organomodified clays
into PS lead to the formation of nanocomposite structure. XRD and TEM studies
revealed that nanoclay layers were mainly intercalated with PS matrix, having certain
level of exfoliation. Nanoclays improved flame retardancy of PS significantly, for
instance the sypession in PHRR was as much as¥37The dominant flame
retardancy meamism of nanoclays wasondensed phase actiama formation of

strong char barrier layers inhibiting mass and heat transfer. Nanoclays also resulted

in improvements in the thermal degradation temperatures and mechanical properties.

In this study, it was imed to utilize clay benefits as much as possible without
significantloss in mechanical properties. In sake of keeping the total additive amount
at minimum; PSNC5 composition whichresulted in strongand integratedchar
barrier, waschosento be used ircombination with conventional flame retardants.
Therefore, the rest of the investigation continued using ony% nanoclay in all

specimen formulations.
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3.2 Effects of Nanoclays withTPP and TPP-MCA

Although there are certain improvements in the flammability properties of PS when
nanoclay was added, it becomes evident that conventional flame retardants should be
introducedinto the system for higher efficiencfhus, as the second part of this
thesis,nanoclays weraisedtogetherwith a phosphorus basecbnventional flame
retardant systemThe specific system chosen for this purpose was triphenyl
phosphate (TPP) with and without its synergist melamine cyanurate (MCA).
Designations and compositions thie pecimensgproducedin this partare given in

Table 3.6

Table 3.6 Designations and Compositionst$o) of the Specimens

Specimers PS

NC TPP MCA
PS 100 - - -
PSTPP 85 - 15 -
PSTPP-NC 80 5 15 -
PSTPP-MCA 75 - 15 10
PSTPP-MCA-NC 70 5 15 10
PS: Polystyrene TPP: Triphenyl Phosphate
NC: Nanoclay MCA: Melamine Cyanurate

() Nanocomposite Formation

X-Ray Diffraction (XRD) patterngFig. 3.9)and Transmission Electron Microscopy
(TEM) images (Fig. 3.10) were analyzedin order to evaluate dispersion and
exfoliation/intercalationstate of nanoclays ithe presence of TPP antPRMCA in

PS matrix.

It has been shown in other studi€ég, 90] that TPP has the ability to intercalate
through clay gleries and suppomxparsion of interlayer spacingKRD patterns in
Figure 3.9 shows that,the first peakof PSTPRNC specimen( a t =2.6BAf
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correspnds to interlayer spacing of33nm indicatingthat clay galleries were very

well intercalated. Since interlayer spagiof PSNC5 nanocomposités 31 nm (Fig.

3.1), further expansion is attributed to contribution of TiREercalation Figure 3.9

further indicates that, introduction of MCA also lead to first diffraction peak to arise

at a

| ower

2d val

ue

of

2.

53A, indicati

nm. Second and thirdiffraction peaks of PSPRNC and PSTPRMCA-NC

specine n s

(at

2d=5.

12/ 5.

06

a ocodld b2 due7to thed / 7 .

second order and third order reflections corresponding to thedapaings. These

reflections occur since clay layers preferentially oriented in flow directions on the

surface of ifectionr-molded samples.

TEM images (Figure 3.2 and 3)lfeveal that there is no significant difference in

terms of dispersion and intercalation/exfoliation state 6NES specimens (Figure
3.2) and traditional flame retardegecimens PSPRNC (Figure3.10(a)) and PS
TPRMCA-NC (Figure 3.1Qb)).
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Figure 3.9XRD Patterns of the Nanoclay and Nanocomposite Specimens with
TPRMCA System (Stars (*) designate second and third order reflections)
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Figure 3.10 TEM images othe Nanocomposite Specimens
(@) PSTPRNC and(b) PSTPRMCA-NC
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(i)  LOI and UL-94 Flammability Tests

LOI and U_-94 tests wee done to samples in order to investigate effethanoclay
additionin combination withTPP andTPRMCA on the flammability of PS. Results
of both LOI andUL-94 testsare summarized inable 3.7. Figure 3.11shows the
appearances of the burnt specimens after LOI,tedisreas Figure 3.12 and 3.13

showSEM micrographs of the surfacbarlayers of the LOI specimens

Table 3.7Results of LOI and Ui94 Flammability Tests

Specimers LOI (0,%)® UL-94 Ratind’
PS 18.0N0 . 2 Fail
PSTPP 22.0N0 . 2 V2
PSTPP-NC 22.4 NO. Fail
PSTPP-MCA 23.0 No. V2
PSTPP-MCA-NC 23.3 NoO. Fail

2 Oxygen level required fasustained flaming combustion

b Materials flammability classifications for stringent vertical orientation; Fail (flame extinguishing t < 3@2s), V
(flaming drips, material sekxtinguishes at 10<t<30 s),-V (material sekextinguishes at 10<t<30 s, withib
dripping), V-0 (material selfextinguishes at t>10 s)

Triphenyl phosphatdCsHs)sPO usedis a low melting flame retardant with melting

point of 48504C and boiling point o2 2 0.®&pending on the degradation behavior

of the polymer it is introduced io, fire retarding action may work either in
condensed or gas phase. In condensed phase TPP generates phosphoric acids.
Reactionsbetween phosphoric acids resuit formation of pyrophosphoric acid,

which works as an insulatirgarrier in condensed phase.

However, dominant mechanism of TPP is suggested to be in gas fphasma
oxygenated polymerf91]. In gas phase, P&radicals and someAPHPG, and B
volatiles are released as a result of decomposition of TPP. These phosphorus radicals

are very effective flame inhibitors and suppresses flaming combustion by scavenging
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HAand OHAradicals bya seriesof reactionsgiven below[5]. TPP also enhances
flameretardancy by decreasingscosity of polymer which in turnauseslripping of

polymer away frontheflame.

POA HH#Y HPO (3.1
POAOHAY HPO + OAA (3.2
HPO + HA POA (3.3

Table 3.7 indicates th&Ol values were increased from 183%to 22 %0, andUL-

94 V2 rating wa obtainedwith the addition of TPP into PS matriXhis improved

flame retardancy is attributed to combination of gas phase action of phosphorus
radicals and decreased viscosity which promotes dripphigen TPP and MCA
were usedogether in PS matrpLOl values were observed to increase 1% more and
reached to 2360,. This might be due to further dilution of combustion gases with

ammonia released during break down of melamine.

Table 3.7 also showsthat, LOI valueswere almostthe sameupon nanclay
incorporation into PSPP and PSPPMCA specimensilt is known that, although
nanoclays enhance flame properties via barrier formation, they could also deteriorate
some of the existing flame properties. Because, in addition tolges @ction TPP

also catalyzes thermal breakdown of polymer melt, reducing melt viscosity and
favoring dripping of the polymer away from the combustion zone. Presence of
nanoclays seems to inhibit this dripping behavior. Thus, contribution of nanoclays by
barrier formation is compensated by the retardation of melt flow. This could be the
main reason of having no significant increases in the LOI values of these specimens.
Due to the same reasosamples containing nanoclay could not maireditJL-94

V2 ratings, eithet

Appearancesf the burnt specimens taken after LOI tests are shown in Figlie

It is observed that addition of TPP decrebee viscosity and brought an intense

dripping behavior in PS. Incorporation of MCA is found to further blow molte

polymer and contributes drippingigure 3.11 also shows that addition of nanoclays

contributes char formation.
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Morphology of the chars formed on the burnt LOI test specimens were evaluated via
SEM analysis. Figure 3.12 shows these microscopic SEM inages char layers

for all specimens. REPP and PPPRMCA specimens in Figure 3.12 (a) and (c)
indicate rather smooth surfaces, with no remarkable char formation. Introduction of
nanoclays to these specimens result in rather dense and strong carb®mdegou
structure as displayed in Figure 3.12 (b) and (d), respectively.

Higher magnification SEM images of A®RNC and PSTPRMCA-NC dar
structures in Figure 3.1f8irther reveals well dispersed clay layers stacks developing
a strong and tight char stture. This effective char barrier protects underlying

polymer and slows down the rate of evolution of flammable gases.

PS PSTPP PSTPP-NC PSTPP-MCA || PSTPP-MCA-NC

Figure 3.11Appearances of the Specimens after LOI Test
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Figure 3.12 SEM Micrographs of the SurfacgharLayers of LOI Specimens
(@) PSTPP,(b) PSTPRNC, (c) PSTPRMCA and(d) PSTPRMCA-NC

10 ym
MET

Figure 3.13 HigherMagnificationSEM Micrographs Showing Dense and Integrated
Char Barrier in(a) PSTPRNC and(b) PSTPRMCA-NC specimens
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(i)  Mass Loss ConeCalorimetry

Fire behavior ofsamples waanalyzed with Mass Loss Cone Calorimetéren, (a)

Heat Relase Rate (HRR) vs Time, (b) Total Heat Evolved (THE) vs Time, and (c)
Mass Loss RateMLR) vs Time graphs of sampleslgacted to an external heat flux

of 35 kWi/nf are given in Figur8®.14 Important parameters derived from obtained
data are tabulated in Table 3.8

It is seenin Figure 3.14and Table 3B that addition of TPP into % resultsin
suppression of THEnd PHRR values b25% and19%, respectively. Table .8

shows that TTI (tne to ignition) and TBT (total burning time) periods of-PBP
specimen are the shortest among all other specimens, indicating that ignition
occurred easily and burning completed in a short period of time. This could be
attributed to early evaporation ofghly volatile TPP. Increase in FGI values with
respect to neat PS also proves that TPP is not effective in reducing flame spread
when used alone and should be used in combination with other synergistic

compounds.

When MCA is added to REPP specimen, PHRvalue decreased from 547 to 494
kW/m?. The reason behind this improvement should be due to both dilution of
combustion gases with ammonia and low levels of char formation promoted by the

reaction took place between MCA and TPP.

Figure 3.14and Table 38 also showthat nanoclayaddition providessignificant
improvements in flame retardancy of both-PP and PSPRMCA specimens.

PHRR values of these specimens are found to decrease 38% and 54%, respectively
compared to pure PS. As discussed before nayo@romote carbonaceous char
formation which act as barrier to mass and heat transport. In the presence of this
barrier, evolution of flammable volatiles through combustion zone was slowed down,

increasing efficiency of radical scavenging by TPP.

Figure 3.14(c) clearly shows that there are significant reductions in MLR of all

specimens upon addition of nanoclays, suggesting an effective barrier formation
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inhibiting diffusion. The volatilization of TPP was slowed down by intercalation
through clay gallegs. Thus; phosphorus radicals may find more chance to suppress
flaming combustion by scavenging HA and
in terms of gas phase flame retardancy at higher temperatures. Decreases in
THE/TML values shown in Table.8 further prove that nanoclay addition also
amplifies gas phase action of TPP and MCA owing to stabiliz&iiovancesffect.

It is known that phosphorus compounds such as TPP normally does not act in
condensed phase in oxygen free polymers like PS, unlegatbaised with a char
forming synergist. On the other hand, in this study TPP induced certain levels of char
formation when used together with nanoclay. Tab8sBows that 7.9% char residue
(given in Table 3.3pbtained after NC addition increased ta8% when TPP and

NC used together. Since no char formation was observed for the specimens
containing only TPP, phosphorus entrapped in between clay galleries presumably
catalyze char formation via reacting with oxygen groups or double bonds produced

on thesurface as the polymer burns. This was also discussed in Reff@2hce

Decreases in FIGRA and FGI valug@sable 3.8)also indicate that when used with
nanoclay TPP and TPHCA flame retardants become very effective in reducing
flame spread. As opposdd findings from LOltestsin which dripping has great
effect upon results, assessment of MLC parameters reveal that nanoclays create
synergistic effect with TPP and TRWCA, and provides improvement in flame

retardancy action.
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Figure 3.14 (a) Heat Release Ratf)) Total Heat Evolved and

(c) Mass Loss Rate curves of the specimens
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Table 3.8 Parameters Determined from Mass Loss Cone Calorimeter

Specimens THE?  PHRR’ TTI® TBT?  TTPHR® FGI' FIGRAY THE/TML" Char'
(MJI/m?)  (kW/m?) (s) (s) (s) (kW/mZ2s) (KkW/mZs) (MJ/m2g)  (wit%)
PS 59.9 672 63 279 97 10.7 6.9 3.0 0
PSTPP 45.2 547 27 221 88 20.3 6.2 2.5 0
PSTPP-NC 37.2 414 46 298 104 9.0 4.0 2.1 11.8
PSTPP-MCA 461 494 32 317 86 15.4 5.7 2.4 35
PSTPP-MCA-NC 37.7 309 46 333 130 6.7 2.4 1.9 9.7

aTotal Heat Evolved: Total heat releasadhe end of the fire scenario

P peak Heat Release Rate: Contribution of a rizte fire flashover severity

“Time To Ignition: Time intervhbetween sparking and ignition

“Total Burning Time: Time between ignitind extinguishment of the flame

°Time To Peak Heat Release: Time at which heat refaséseeaches its maximum values

'Fire Growth Index: Contribution of a material to firopagation, where FGI= PHRR/TTI

9IFire Growth Rate Index: Contribution of a material to fire propagatite, where FIGRA= PHRR/TTPHR

_hTotaI Heat Evolved/Total Mass Loss: Parameter to evaluate whether flame retarding action is in the gas or condensed phase
'Char Yield: Amount of solid fi¢ residue measured at flaoet
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(iv)  Thermogravimetric Analysis

Thermogravimetricanalyses wereconducted in mler to investigate effestof
nanoclag together withTPP and MCA orthe thermal degradain behavior of PS
matrix. Thermogravimetri€TG) and Differential ThermogravimetriOTG) curves
of the specimens are given figure 3.15(a) and (b)respectively. Peak mass loss
rate of differential thermogravimetry (pMD)R5% mass loss temperaturg«), 50%
mass lossemperatureTso) and % residue values determined from ¢hesrves are

given in Table 3.9

TPP used in this study is a highly volatile compound, thus its addition into PS results

in a drastic decrease ofJby 139 AC due to | ower t her ma
Unlike neat PS, decompositiatcursin two steps. Evaporatioof TPP from the

polymer is assumed to be responsible for early mass loss observed arot@id 190

AC in DTG curve Figure 3.15 (b)sgwitNo r emas
TPP addition since phosphate is entirely removed from the system at high
tempeatures hence does not alter degradation pathway of the polymer. No char
residue i s obser-TP®dpednten, prdvidgAtBat TPB has R®B
contribution in the condensed phase action.

When MCA isintroducedin to PSTPP specimen, it is found to earce thermal

stability at thebeginningof heating which increasesgfby 18 AC. Again t
degradatiorpathis observed, in the first step evaporation of TPP and small amount

of MCA, and in the second step decomposition of cyanuric acid and the pdigser
occurred Similar observations were discussed in Referef@§sand[94]. Table 3.9

also shows that MCA addition to PIFP specimen did not cause any change in

neither Eoxv al ues nor the char yield at 600AC.

Nanoclay addition to both PBPP and PSPRMCA specimens lead to significant
increases in thermal stability. Witincorporation of nanoclays, dy and Tsos
temperatures i ncr ea<sRP spegimed;aid®AB n dSAE3 AC i
in PSTPRMCA specimen.Intercalations into clay galleriedelay evaporation of

TPP from the system at early stages. Nanoclays provide protectiosuppdess
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evaporation of flame retardants at high temperatures, thus increases onset and

midpoint degradation temperatures.

Table 3.9 also shows thatise of nanodys together with TPPhas almost no
contribution in char formation. 5% ltar obtainedfor samples containing only
nanalay (as given in Table 3.4pecreas®to 4.2% and.5% inthe presence of TPP
and TPPMCA, respectively. Contrary to MLC resultdhar caalyzing action of TPP
was notobservedin TGA. This could be due to the TGA analysis under nitrogen
flow (nonroxygen containingatmosphere leading to no possibility of required
oxidizing reactions. This situation also revegés phase flame retardanastian of

TPP and MCA in notoxidizing environment.

Table 3.9 Thermal Degradation Parameters Obtained from TG and DTG Curves

Specimens Toy” Tsos” PMLR © Char*
(Ac) (Ac) (%.s™) (Wt%)
PS 379 416 050 00
PSTPP 240 412 0.34 0.1
PSTPP-NC 264 435 0.25 4.2
PSTPP-MCA 258 408 0.34 0.1
PSTPP-MCA-NC 267 425 0.21 35

s, Thermal degradation temperature for 5% mass loss

PTeo0s Thermal degradation temperature for 50% mass loss
‘PMLR: peak Mass Loss Rate

iChar: % Char yield at 600 AC
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(DTG) curves of specimens
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(v) Mechanical Behavior

In order to investigate effecbf nanoclag and conventionalflame retardant system
TPRMCA on the mechanical performance of PS, tensile tests were conducted.
Mechanical properties obtained from these tests are tabulated in Table 3.10, while
their typical stresstrain curvesnd typical fracture surfaces under SEM given in

Figure 3.16and 3.17, rgectively

Figure 3.16 and able 3.1Gshow that additioof TPP and MCA results isignificant
decreasein tensile strength and elastic moduladues.This must be due to the very
effective plasticizing action of TPP increasing the mobility of chaincsire of PS.

Being a low moleculaweightcompound TPP therefore also used as a plasticizer.

However, after addition of only Wt% nanoclay, strength and modulus of these
specimens increased enormously. For example, the increases in tensile strength and
elastic modulus of REPPR-NC specimen were 136% and 103%, respectively. This
could be explained with the formation of nanocomposite structure. Those high aspect
ratio clay layers with further level of intercalated/exfoliated structure by TPP lead to
significant load transfer from the matrix to the naadditives and very effective

hindranceof the mobility of the matrix chains.

Therefore, it can be stated tltEcreases seen in tensile strength and elastic modulus
of PS with the addition d traditional flame retardant$PP and MCAcould be

overcomeby utilizing them in combination with nanoclays.

In this second part of the thesis, it can be simply concluded that combined use of
nanoclays with conventional phosphorus batmte retardansystems (TPRMCA)
resuled in more efficient flame retardanc¥RD and TEM analyses revealed that
further level of intercalation/exfoliation of silicate layers were obtained via
intercalation of TPP through clay galleries. MLC flammability tests indicatatl t
addition of conventional flame retardants TPP and-WRFA into PS resulted in
decreases of PHRR by 19% and 26%, respectively. Incorporation of nanoclays into

those systems resulted in further PHRR suppressions of 24% and 28%, respectively.
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Table 3.10Tensile Mechanical Properties of the Specimens

Young&s Tensile Elongation at
Specimens Modulus Strength Break
(GPa) (MPa) (%)
PS 2.21N0 49NO0. ¢ 2. 6N0
PSTPP 1.16N0 14N0. ¢ 9. 9N2
PSTPP-NC 236 N0 . 2 33N0. ¢ 1. 7NKN0
PSTPP-MCA 1. 70N0 18NO0. ¢ 2. 1KN0
PSTPP-MCA-NC 244 NO. O 26 N0 . ¢ 1. 3N0
60 ) ] v )
—=—PS
—&— PS-TPP
—v— PS-TPP-NC
40 = -
& PS-TPP-MCA
= PS-TPP-MCA-NC |
(7))
(7))
o
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Figure 3.16Tensile StresStrain Curves of the Specimens
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Figure 3.17SEM Fractographs of the Tensile Test Smens(a) PSTPP,(b) PS
TPRNC, (c) PSTPRMCA, (d) PSTPRMCA-NC

These additional contributions were due to the synergistic combination of
ficondensed phase mechanism o f  Ngas phaselmeéhanism of TPP and
MCA. Volatilization of TPP and evolution of radical degradation products were
delayed and/or entrapped by theosty char structure with nanoclay layers, thus
effectiveness of radical entrapment by TPP was increased. TGA analysis further
supporéd that nanoclay contribute thermal stabilizatiorof the system via
suppressed volatilization of TPBy clay galleries Tersile tests revealed that
decreases in mechanical properties of PS with TPP and MCA could be overcome by

the intercalated/exfoliated structure of nanoclays.
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3.3 Effects of Nanoclays with BE and BEAO

In the third part of this thesis, nanoclays were usedether with another
conventional flame retardant system to investigate their possible synergistic effects
on the flame retardancy performance of PS. The conventional system chosen this
time was brominated epoxy (tribromophenol -@agped epoxy oligome(BE) with

and without its synergist antimony trioxide (A@esignations and compositions of

the specimens are given in Table 3.11.

Table 3.11Designations and Compositionstfo) of the Specimens

Specimens PS NC BE AO
PS 100 - - -
PSBE 80 - 20 -
PSBE-NC 75 5 20 -
PSBE-AO 77 - 20

PSBE-AO-NC 72 5 20

PS: Polystyrene BE: Brominated Epoxy (tribromophenol elwdpped epoxy oligomer)
NC: Nanoclay AO: Antimony Trioxide

() Nanocomposite Formation

X-Ray Diffraction (XRD) patterns (Figure3.18) and Transmission Electron
Microscopy (TEM) images (Figure 3.19 and 3.20) were analyzed in order to evaluate
dispersion and exfoliation/intercalation state of nanoclays in the presence of BE and
BE-AO in PS matrix.

Regarding clay nanocomposites based PSBE blends, an almost fully
polymeintercalated nanomorphology was determined by analyzing multiple
reflections (highebrder reflections denoted by stars in Figure 3.18) from coherent
polymerintercalated crystallites. Averagéd paci n g 6 sulatedeas 81 nma | ¢

(2d= 2. 90-BENCf oandPS2. 9 nm (BEAGND 8 A)
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Refl ections atBE-HCGandind
BHEI AG-NC8wer2 $dexedl asrhighiBréer (second

and third) reflectias. Highekbrder basal reflections occur because the diffraction

nanocomposites.
2d=5.72A and
data are collected from the surface of injeclivolded samples where a high degree
of orientation of silicate crystallites is expected compared with a more random
orientation of neat organlay in powder form showing a secabdder reflection

with a very low intensity.

2.9 nm *
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Figure 3.18XRD Patterns of Nanoclay and Nanocomposite Specimens wHAGE
system (Stars (*) designate second and third order reflections)

It should be clear that nanombigdogy assessed by XRD transforms from a partially
intercalated to almost fully polymer intercalated state with the incorporation of BE as
a dispersed phase in PS. It is also important to note that intensities of basal
reflections are lower for nanocompies based on blends (Figure 3.18) than for PS
NC5 nanocomposite (Figure 3.1). It could be related with attenuatioXays<due
to significantly larger mass absorption coefficients (at 8 keV photon energy) of
bromine (90.3 cfy’ § and antimony (266.5 ciy § compared with carbon (4.2

8¢
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cn’g § and oxygen (11.0 cfg' 3 [95]. It might also be considered as an indication
of a lower amount of coherent intercalated crystallites in the blends.

TEM micrographs of PBE-AO-NC systems are given in Figure 3.19. Tdark

regions ofaround 0i2 . 5 em i n Fi gu HAlenseBE &hdwing phase e | e c |
separation with the continuous PS matrix. Silicate nanoparticles are dispersed at the
nanoscale within the PS matrix. In order to gain more insight into silicate
nanodispesion in the blend, high@nagnification images are provided in Figure

3.20. For instance, Figure 3.20 (a) reveals the presence of clay primary particles
(having sizes in the range of 0.3 to 1

polymeéntercalatectrystallites with a large number of stacked clay layers.

Persistence of such primary particles in the blends, which were absentN€ PS
nanocomposite, can be attributed to higher solution viscosities encountered during
sonication processing because bk tpresence of BE in the solution. During
sonication processing of a hig@gscosity solution, some ultrasound energy will be
dissipated whereas less will be transferred to nanoclay particles to delaminate and

disperse crystallites at the nanoscale.

A closer view of the BE phase dispersed in PS matrix in Figure 3.20 (b) reveals some
segregation of nanoclay silicate layers onBES phase boundaries and also the
presence of exfoliated silicate layers located inside the BE phase. The exfoliation of
organoclg in BE phase could be related to favorable thermodynamic interactions of
BE and clay organic modifier compared with that between polymer matrix and the
organic modifier [96]. Exfoliated silicate layer segregation on -BE phase
boundaries could be actualiiriven by the reduction of the surface tension ofBES

interface.

It was demonstrated earlier that interfacial tension of a variety of blends can be
reduced by nanoclay segregation on phase boundarg8] Additionally, several

other mechanisms we postulated such as inhibition of coalescence/fusion of the
dispersed phase by rigid silicate layers and changes in the viscosity of constituent
phases among which nanopatrticles are unevenly distrif@@¢d
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Above all, in the present study, organoclagregation on PS/BE phase boundaries
favors the breakip/coalescence equilibrium of dispersed phase and hence provides a
compatibilization effect between two phases, which refines the microstructure of
blends. Now, the question arises on how and by whahamesm are silicate layers
preferentially exfoliated in the BE phase dispersed within the PS matrix. It can be
inferred from the micrograph in Figure 3.20(b) that curved phase boundaries are
formed between PS and BE where silicate layers are segreghtdfore, it could

be postulated that preferential exfoliation of silicate layers within BE phase occurs
through an interfacgontrolled mechanism rather than diffusépontrolled polymer

intercalation in clay galleries.

It is thought that thermodynamibafavored adsorption of BE on clay surfaces is
followed by the formation of curved interfaces and subsequent penetration and
exfoliation of individual silicate layers within the BE phase. Accordingly, exfoliation

of silicate layers in the dispersed BEagk occurs by a completely different
mechanism than that is operative in nanocomposites based on neat polymers, which
involves intercalation of the macromolecule into clay galleries and subsequent

delamination of silicate layers.
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Figure 3.19TEM Images of the Nanocomposite Specim@)$SBE-NC and
(b) PSBE-AO-NC
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Figure 3.20TEM Images of PSBE-NC Specimer{a) Presence of Aggregated
Polymerintercalated Crystallite in PS Matrix with BE Domains, @odExfoliation
of Nanoclay in BE Phase and Segragation of Silicate Layers on Phase Boundries
between PS and BE
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(i)  LOI and UL -94 Flammability Tests

LOI and UL-94 tests are done to samples in order to investigate effects of nanoclay
additionin combination withBE and BEAO on the flammability of PS. Results of

both LOI and UL94 tests are tabulated in Table 3.12. Figure 3.21 shows the
appearances of the burnt specimens after LOI tests, whereas Figure 3.22 and 3.23

show SEM micrographs of the surface layers efltdl specimens.

Table 3.12Results of LOI and Ui94 Flammability Tests

Specimens LOI (O 2%)*? UL-94 Rating’
PS 18. 0 NO Fail
PSBE 21.0 NO V2
PSBE-NC 24.0 NO Fail
PSBE-AO 24.0 NO. V2
PSBE-AO-NC 25.5 NO. Fail

& Oxygen level required for sustained flaming combustion

b Materials flammability classifications for stringent vertical orientation; Fail (flame extinguishing t < 3@s), V
(flaming drips, material sekxtinguishes at 10<t<30 s),-V (material sekextinguishes at 10<t<30 s, without
dripping), V-0 (material selfextinguishes at t>10 s)

BE used in this study is known to be mostly effective in gas phase. As a result of
decomposition of BE, Bradicals are released, which in turn abstracts hydrogen
from polymer and results in formation of HBr. HBr is a very effective flame inhibitor
and suppress flaming combustion by scavengidgndl OHradicals by a series of

reactions given below (Reactions-3.B)[5].

R-Br B (3.4)
BrA+ CH-CH,Y CACH, + HBr (3.5)
CHACH,Y & CH=CH (3.6)

HBr + HAY H BrA

HBr + OHY O + BrA (3.8)
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Table 3.12 indicates that LOI values increased from 18% to @k%with the
addition of BE into PS matrix due to well known gas phase flame retardancy
mechanisms. W94 V2 ratings were also obtained since BE alters the degradation
and comistion behavior in a manner that accelerates dripping and subsequent self

extinguishment of PS.

When AO (SkOs) is added in combination with BE, LOI values further increased to
24% Q. The synergistic flame retarding action of the-B@ combination manifgts
itself by the production of SbBra more effective radical scavenger then HBr via
reactions between HBr and AO (Reactions3®2)[5].

ShOz+ 2 HBr Y 20 SbOBr + H (3.9)
5% OBr ,0sBs-HSbhBk (3.10)
4 ShOsBr, Y 5 30%8b+ SbBg (3.11)
3ShOBr Y G+ SbBg (3.12)

In flame, SbBs is reduced through a series of reactions, scavengihand OH
radicals and as a result, suppresses flaming combustion (Reactior3.18)3
However, as in the case of & systems, flaming drips could not be avoided with
the addition of AO, leading to a retained 494 V2 ratings for P8BE-AO.

SbB+ HA Y,+BByBr (3.13)
SbBr+ HA Y+HBb BT (3.14)
SbBr + HA Y Sb + HBr (3.15)
Sb+OHAYSbOH (3.16)

Introduction of 5 wt% nanoclay into FEBE and PSBE-AO systems, was found to
increase LOI values from 18%,@0 24% Q and 25.5% @ respectively. These
increases should be due to condensed phase flame retardancy action of clays
generating a protective barrier. It is known that, BE andABEalters degradation
behavior of PS, speeds up the process and increases dripping. Introdfictian

inhibits this dripping behavior which deteriorates-814 r ati ng from V2
PSBE-NC and PSBE-AO-NC specimens. However, it should be noted that, LOI
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values of PBE-NC and of PSBE-AO specimens are the same, revealing that
nanoclays aras effective as AO.

Appearances of the burnt specimens taken after LOI test are shown in Figure 3.21.
Contribution of BE and BEAO in dripping behavior of PS can be observed. This
dripping is accompanied with char formation indicating that those systens

slight contribution in condensed phase flame retardancy. Figure 3.21 also shows that

addition of nanoclays contributes char formation slightly.

Morphology of chars after LOI test was evaluated via SEM analysis. Figure 3.22 (a)
and (c) for PBE and B-BE-AO specimens show that their chars have rather plain
structure. Introduction of nanoclays in these specimens results in formation of a
physical barrier as can be seen from Figure 3.22 (b) and (d). Higher magnification
SEM images (Figure 3.23) of thesanocomposite specimens (B&-NC and PS
BE-AO-NC) also reveal that they have tortuous physical barrier layers which
protects underlying polymer and slows down the rate of evolution of flammable

gases.

PS PSBE PSBE-NC PSBE-AO PSBE-AO-NC

Figure 3.21Appearances of the Specimens after LOI Test
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Figure 3.22SEM Micrographs of the Surface Char Layers of LOI Specin@i3S
BE, (b) PSBE-NC, (c) PSBE-AO, and(d) PSBE-AO-NC

Figure 3.23Higher Magnification SEM Micrographs Showing Tortuous Physical
Barrier Layers ifa) PSBE-NC and(b) PSBE-AO-NC Specimens
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