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ABSTRACT

USE OF BORON COMPOUNDS AS SYNERGISTIC FLAME
RETARDANT IN LOW DENSITY POLYETHYLENE - ETHYLENE
VINYL ACETATE BLENDS AND NANOCOMPOSITES

bibikcan, Esin
M.Sc., Department of Polymer Science and Technology
Supervisor: Prof. Dr. Cevdet Kaynak

June 2013, 80 pages

It is known that for the production of halogen-free cable insulation materials based on
polyethylene, very high amounts of traditional metal hydroxide flame retardants such as
65 wt% aluminum hydroxide (ATH) is required to fulfill international directives. Thus,
flammability studies investigating synergistic compounds and contribution of
nanomaterials have been crucial.

Therefore, the first purpose of this thesis was to reveal possible synergism of three boron
compounds zinc borate (ZB), boron oxide (BO) and boric acid (BA) on the flame
retardancy of two cable insulation materials; low density polyethylene (LDPE) and its
blend with ethylene vinyl acetate (EVA) both loaded with ATH. The second purpose of
this thesis was to investigate contribution of nanoclays when used alone, and together
with ATH, and also together with ATH-ZB synergistic system.

For these purposes, materials were compounded by melt mixing method with a laboratory
scale twin-screw extruder, while specimens were shaped by compression and injection
molding. Flammability properties of the specimens were investigated by using Limiting
Oxygen Index (LOI), UL-94 Vertical Burning and Mass Loss Cone Calorimeter (MLC)
analyses. Other characterization techniques required in this thesis were; X-ray diffraction
analysis (XRD), scanning and transmission electron microscopy (SEM and TEM),
thermogravimetric analysis (TGA) and tensile tests.

Flammability tests in the first part of this study simply revealed that replacement of
certain amount of ATH with boron compounds could lead to certain levels of synergism
in many flame retardancy parameters. Residue analyses revealed that these improvements
were basically due to further contribution of boron compounds to the physical barrier
mechanism of ATH in both gas and condensed phases.

Analyses in the second part of this study indicated that even use of nanoclays alone could
improve many flammability parameters including peak heat release rate, time to ignition
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and fire growth index. Contributions of nanoclays were much more significant when they
were incorporated together with traditional ATH or together with synergistic ATH-ZB
system. Residue analysis revealed that contribution of nanoclays to the flame retardancy
mechanisms of ATH and ZB was mainly by formation of strong and tough char structure
via well-dispersed and intercalated/exfoliated silicate layers shielding the underlying
polymer matrices from heat and mass transfer.

Keywords: Flame Retardancy, Low Density Polyethylene, Ethylene Vinyl Acetate,
Aluminum Hydroxide, Zinc Borate, Boron Oxide, Boric Acid, Nanoclays
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BOR BILESIKLERININ DUSUK YOGUNLUKLU POLIETILEN —
ETILEN VINIL ASETAT KARISIMLARI VE
NANOKOMPOZITLERINDE SINERJISTIK ALEV GECIKTIRICI
OLARAK KULLANILMASI

Ibibikcan, Esin
Yiksek Lisans, Polimer Bilim ve Teknolojisi Boliimii
Tez Yoneticisi: Prof. Dr. Cevdet Kaynak

Haziran 2013, 80 sayfa

Bilindigi {izere uluslararasi yonergelerde gerekli olan alevlenme dayanimi diizeyini
saglayabilmek icin polietilen bazli halojen icermeyen kablo yalitim malzemelerinde ¢ok
yiiksek oranlarda gelencksel metal hidroksit alev geciktiricilerin kullanilmasi
gerekmektedir, Ornegin agirlikca %65 civarinda aliiminyum trihidroksit (ATH). Bu
yiizden, alevlenme dayanimi ile ilgili arastirmalarda olasi sinerjistik bilesiklerin ve
nanomalzemelerin katkilarinin incelenmesi ¢ok dnemli olmaktadir.

Dolayisiyla, bu tezin birinci amaci, ATH ile birlikte {i¢ bor bilesiginin; ¢inko borat (ZB),
bor oksit (BO) ve borik asidin (BA) iki kablo yalitim malzemesinin; diisiik yogunluklu
polietilen (LDPE) ve onun etilen vinil asetat (EVA) ile karisiminin alevlenme dayanimina
olan olasi sinerjistik etkilerini ortaya ¢ikarmaktir. Bu tezin ikinci amaci ise, nanokillerin
hem tek baslarina, hem ATH ile birlikte, hem de ATH-ZB sinerjistik sistemi ile birlikte
kullanildiklarinda olusan katkilarini incelemektir.

Bu amaglar igin, malzemeler laboratuvar boyutlu ¢ift vidali ekstriider ile eriyik halde
karigtirma yontemi ile hazirlanmis, numuneler ise basingli kaliplama ve enjeksiyon
kaliplama yontemleri ile sekillendirilmistir. Numunelerin alevlenme dayanimlar1 Oksijen
Limiti Indeksi (LOI), UL- 94 Dikey yanma testleri ve Kiitle Kaybr Konik Kalorimetre
(MLC) analizleri ile incelenmistir. Bu tezde gerekli olan diger karakterizasyon teknikleri
ise sunlardir; X-1s1n1 kirmim analizi (XRD), taramali ve gecirimli elektron mikroskobu
(SEM and TEM), termogravimetrik analiz (TGA) ve ¢ekme testleri.

Bu ¢aligmanin ilk kisminda yapilan alevlenme dayanimu testleri, belli miktarlardaki ATH
yerine bor bilesiklerinin kullanilmasinin bir¢ok alevlenme dayanimi parametresinde belli
derecelerde sinerjik iyilesmelerin saglanabilecegini ortaya ¢ikarmustir. Kalinti analizleri
bu iyilesmelerin &zellikle bor bilesiklerinin ATH’nin hem gaz hem de kati fazdaki
fiziksel bariyer mekanizmasina ek katkisindan dolay1 oldugunu gostermistir.
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Bu c¢aligmanin ikinci kisminda yapilan analizler ise, nanokillerin tek baslarina
kullanildiklarinda bile bircok alevlenme dayanimi parametresini iyilestirdigini
gostermistir, drnegin 1s1 agiga ¢ikma hizi tavan degeri, tutugsma siiresi ve yangin biiyiime
indeksi. Nanokillerin katkilarinin geleneksel ATH ile birlikte ya da sinerjistik ATH-ZB
sistemi ile birlikte kullanildiklarinda ¢ok daha ileri diizeyde oldugu gézlemlenmistir.
Kalint1 analizleri nanokillerin ATH ve ZB’nin alevlenme dayanimi mekanizmalarina
ozellikle iyi dagilmis ve interkale/eksfoliye olmus silika katmanlar1 sayesinde giiclii ve
tok kiil yapisi olusturarak katkida bulunduklarini ortaya ¢ikarmistir. Bdylece bu kiil yapisi
altindaki polimer matrisini 1s1 ve kiitle transferinden korumaktadir.

Anahtar Sozciikler: Alevlenme Dayanimi, Diisiik Yogunluklu Polietilen, Etilen Vinil
Asetat, Aluminyum Hidroksit, Cinko Borat, Bor Oksit, Borik Asit, Nanokiller
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CHAPTER 1

INTRODUCTION

1.1 LDPE, EVA, their Blends and Nanocomposites

1.1.1 LDPE and EVA

Polyethylene (PE), also known as polythene is a thermoplastic polymer. It is the polymer
of ethylene (CH,=CH,) and produced under high temperature and pressure. The catalyst
used during production is chosen by considering desired properties of the end-use
product.

Low density polyethylene (LDPE) is formed via free radical polymerization under 150-
350 MPa pressure and at 80-300°C in the presence of a radical initiator
azobisisobutyronitrile (AIBN). LDPE, which was the first polyethylene developed, has
from two to eight carbon atom length alkyl branch groups (Figure 1.1). LDPE is a semi-
rigid, tough, flexible polymer having resistance to chemicals and moisture. It can be
easily processed by most methods and used at standard service temperatures. Moreover,
LDPE has excellent electrical insulation ability. These properties make LDPE a widely
used polymeric material in many application areas, such as packaging, films, rigid
containers, toys and for insulation of wires and cables [1, 2].

Figure 1.1 Chain configuration of LDPE



LDPE undergoes thermo-oxidative degradation by random chain scission [3]. Jana et al.
[4] revealed that according to TG and DTG curves initial decomposition temperature of
LDPE is around 305°C above which free radicals are generated. These radicals lead to
sequential degradation and breakdown of the covalent C-C bond at a higher temperature.

Ethylene vinyl acetate (EVA) copolymer is produced from ethylene and vinyl acetate
monomers (Figure 1.2). EVA copolymer is formed at 50-80°C under 2-8 MPa pressure
via solution, suspension, emulsion or bulk polymerization [5]. Vinyl acetate content could
be between 10 to 40% by weight. When the vinyl acetate content increases, tensile
strength, resistance to heat and chemicals, and barrier properties of the polymer decrease.
EVA copolymer is a clear, flexible and soft thermoplastic. It is flexible even at low
temperatures, has high friction coefficient and resistance to chemicals. EVA can also
accept high filler loadings. Application areas of EVA copolymer include packaging,
adhesives, stretch films, shoe soles, disposable medical equipment, flexible toys and wire
insulation [1].

Ho:C =CHz + HgC :CliH — AGCHE—CHE—C|H—GHZ)~

o O

tl =9 (l —y]

b b,
Ethvlene Vinvl Acetate Ethvlene-vinvl Acetate

Figure 1.2 Polymerization of EVA copolymer

Thermal decomposition of EVA occurs in two steps. In the first step (around 350°C), it
loses acetic acid and unsaturated polyenes are formed. In the second step (around 450°C),
random chain scission of the remaining material proceeds, resulting in the formation of
unsaturated vapour species, such as butane and ethylene [3].

1.1.2 Blends of LDPE and EVA

Blending two or more polymers is one of the most widely used technique to improve
properties of the end-use product. In this respect, blends of LDPE and EVA are widely
used in cable industry as the insulation coating. Another important application of these
blends are shrinkable films and multilayer packaging [6].

Advantages of EVA over LDPE are its better flexibility even at low temperatures, better
weather resistance, higher friction coefficient and ability of accepting higher filler
2



loadings. On the other hand, LDPE has improved chemical resistance, barrier properties
and creep resistance [1]. Considering these properties of LDPE and EVA, it can be said
that products made from LDPE/EVA blends would have many improved properties.

Takidis et al. [7] showed that during blending, both composition and process temperature
are very important factors affecting compatibility of LDPE and EVA domains. They also
suggested that mixing temperature should be higher than 180°C to achieve certain
improvement in mechanical properties.

1.1.3 Clay Nanocomposites of LDPE and EVA

Polymer nanocomposites which have attracted attention in recent years are described as
the materials which reinforcing nanoscale particles are dispersed in a polymer matrix.
Polymer nanocomposites show tremendous improvements in many properties including
mechanical, barrier, optical, thermal stability, fire retardancy, etc. [8, 9].

Nanoclays are one of the most widely investigated commercially available nanoparticles.
Silica and alumina are the essential constituents of the montmorillonite clays. As shown
in Figure 1.3, crystal structure of montmorillonite clay consists of two tetrahedral silicate
layers sandwiching one octahedral alumina layer. The thickness of one montmorillonite
clay sheet formed by these three layers is around 1 nm. In the natural state of
montmorillonite clays, Na* cations (or other cations such as K*) reside in the galleries
between the layers [8].

+ 4 Layer thickness is
N d ""':"' — 9 o 0.96 nm

Naya(AlssMgia)SiOg(OH),  dcteredral

alumina layer sllicate

Figure 1.3 Crystal structure of montmorillonite clay [8]



In order to produce nanocomposites, clays should be organically modified. Because, clays
are hydrophilic materials, they should be made organophilic in order to provide
compatibility with hydrophobic polymers. Organic modification is also necessary to
increase the interlayer distance required for intercalation [8, 10]. Natural silicate layers
are usually compatible with the very polar polymers. Organic treatment of layered
silicates is generally made with alkylammonium salts via cation exchange reaction.
During this process, inorganic cations in the clay galleries should be exchanged with the
desired organic cations, so that the clay would be tailored as organophilic [8, 11].

Organically modified layered silicates are dispersed in polar polymers while they are not
compatible with nonpolar olefin polymers. Solvent mixing, in-situ polymerization and
melt compounding are three methods used to disperse layered silicates in nonpolar
polymers. On the other hand, in recent studies maleic anhydride is added as a
compatibilizer to produce nonpolar olefin/clay nanocomposites [12].

Structure and accordingly properties of polymer/clay nanocomposites are influenced by
the nature of used components and preparation method. There are three types of
structures as shown in Figure 1.4. In the “phase separated (unmixed) structure”, polymer
chains cannot penetrate between the silicate layers. Thus, the distance between the layers
do not change leading to no improvements in the properties of the composite. When
polymer chains intercalate between the silicate layers, then the distance between the
layers increases leading to ordered multilayer structure which is called “intercalated
structure”. An “exfoliated structure” can be obtained by the complete and uniform
dispersion of silicate layers randomly in a polymer matrix [13].

Figure 1.4 Three typical structures of polymer nanocomposites [8]



Nonpolar backbone of polyethylene induces difficulties in dispersion of layered silicates.
Therefore, it may be necessary to use a compatibilizer for efficient intercalation. For
instance, in the study of Zhang and Wilkie [14] maleic anhydride was used as a
compatibilizer for the organically modified clay in LDPE matrix. They revealed that
presence of maleic anhydride provided better intercalation. Morawiec et al. [10] also used
maleic anhydride compatibilizer for the effective intercalation/exfoliation of silicate
layers in LDPE. On the other hand, Zanetti and Costa [15] used EVA as a compatibilizer
in LDPE matrix to obtain intercalated nanocomposite structure.

1.2 Flammability of Polymers

Despite their many advantages such as; low weight and ease of processing, polymers are
very flammable materials due to their chemical structure consisting of mainly carbon and
hydrogen. There are three parameters in the combustion cycle of polymers; heat,
combustible and combustive (Figure 1.5). Combustion reaction starts with a heat source.
Heat source increases temperature of the combustible (polymeric material) leading to start
of bond scission at high temperatures. Then, volatile fractions of the combustible diffuse
into the air and form combustible gaseous mixture. Finally, when ignition temperature is
reached, or even at lower temperature with an external energy, combustible gaseous
mixture ignites [16].

HEAT

i

Combustible Combustive
[Polymer] [Air]

Figure 1.5 Combustion cycle of polymers [16]

Combustion of polymers takes place basically at three stages as shown in Figure 1.6 [17]:

e Ignition: the onset of flaming combustion which involves an ignition source, small
length scale (cm), ambient temperatures around 600-700 K (in the range of ignition
temperatures) and high ventilation.



o Developing fire: flaming combustion continues with an external heat flux of around
20-60 KW/m? larger length scale (dm-m), ambient temperatures around 700-900 K
(above the ignition temperature) and still high ventilation.

e Fully developed fire: final stage of flame combustion with a high external heat flux
(larger than 50 kW/m?), large length scales (larger than m), ambient temperatures
above auto-ignition temperatures (higher than 900 K), and low ventilation.

Fully developed fire

Developing fire

Ignition

Temperature

- '
Time

Figure 1.6 Three basic stages of polymer combustion [17]

During combustion process several chemical and physical reactions occur in solid,
gaseous and interfacial phases. The amount of energy that initiates the polymer
decomposition varies with the physical characteristic of the polymer. For example, semi-
crystalline thermoplastic polymers soften, melt, and then drip upon heating. On the other
hand, amorphous thermoplastics and most of the thermosets directly go into thermal
decomposition because of the absence of melting point. Polymers degrade thermally via
an endothermic reaction. The energy required for that endothermic reaction should be
larger than the binding energy between covalently linked atoms. Decomposition process
depends on weak bonds and presence or absence of oxygen in solid and gas phases. When
a polymer is heated its chains start to break down which is called pyrolysis. This bond
breakage results in the formation of volatile fuel molecules. There are basically four types
of thermal decomposition mechanisms for polymers:

(i) End-chain scission (unzipping): Monomer units are removed at chain ends.
(i) Random-chain scission: Chain breaks at random locations along its length.
(iii) Chain-stripping: Side groups attached to the backbone are cleaved.

(iv) Cross-linking: Bonds are created between two polymer chains.

End-chain scission and random-chain scission result in generation of monomers or
oligomers while chain stripping and cross-linking mechanisms result in char formation.
Char formation is very important in thermal decomposition rate because chars can act as
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barriers between polymer surface and volatile fragments and oxygen in air. Thermal
decomposition of polymers generally takes place with more than one mechanism
mentioned above [16, 18].

1.2.1 Flammability Tests

Flammability of polymers is generally characterized by three standardized techniques
based upon ignitability, flame spread and heat release properties of polymers; i.e. limiting
oxygen index test, UL-94 vertical burning test and cone calorimeter.

(i) Limiting Oxygen Index (LOI) Test

Limiting oxygen index (LOI) test is a small scale flammability test utilized to observe
flammability behavior of polymeric materials. LOI test is conducted according to
standard of 1SO 4589 Determination of Burning Behavior by Oxygen Index.

The schematic representation of LOI test setup is given in Figure 1.7. The specimen is put
into holder which is covered by insulating glass chimney. Then, the mixture of oxygen
and nitrogen with a determined oxygen percent is introduced through the ignited
specimen at the room temperature. LOI value of the specimen is the minimum oxygen
concentration which retains the combustion more than 3 minutes or consumes more than
50 mm of the specimen during combustion. In order to obtain LOI value, the mixture of
oxygen and nitrogen with various oxygen concentrations are introduced through the
specimen.

S -

#H——specimen

L\

N —

mixture of gased (N»/O;)

Figure 1.7 Experimental set-up of Limiting Oxygen Index test [16]



Since the atmosphere has 21% oxygen concentration, the materials having LOI values
lower than 21% are considered as highly flammable. On the other hand, the materials
with more than 27-28% LOI values could be considered as having self- extinguishing
characteristic.

(i) UL-94 Vertical Burning Test

This test is considered as one of the simplest small scale flammability tests in polymer
industry. Its standard, UL-94 Tests for Flammability of Plastic Materials for Parts in
Devices and Appliances, is developed by Underwriters Laboratories (USA).

In UL-94 vertical burning test, a specimen with the dimensions of 125 =5 mm long, 13.0
+0.5 mm wide, and thickness of 1.3 mm or 3.2 mm put into holder in vertical position and
a piece of cotton is placed under it. The schematic representation of UL-94 vertical
burning test setup is shown in Figure 1.8. The bottom of the specimen is ignited with the
flame of burner for 10 seconds and extinguishment time (after flame time, t;) of the
specimen is measured. Then, the same procedure is repeated for the second time by
recording second after flame time (t,) and afterglow time (ts) which is the time required
for the fire glow to disappear. According to behavior of the specimen throughout
combustion, it obtains several ratings which are tabulated in Table 1.1. For instance, in
case that the specimen extinguishes in less than 10 seconds (t; and t,< 10 seconds), it
means the specimen passes UL-94 test with the best rating of V-0. These materials are
considered to have self-extinguishing characteristic. On the other hand, the specimens
which could not extinguish within 30 seconds, fail in UL-94 vertical burning test
indicating poor flame retardancy.
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Figure 1.8 Experimental set-up of UL-94 Vertical Burning test [16]

Table 1.1 Classifications of UL-94 Vertical Burning test

Ratings
Criteria

V-0 V-1 V-2 Fail
Afte_r flame time of each individual <10s <30s <30s >30s
specimen t; or t,
Total afterflame time for 5 specimens <50s <2505 <2505
(ti+ 1)
Afterflame plus afterglow time for
each individual specimen after the <30s <60s <60s
second application (t, + t3)
Afte_rflame or afterglow'of any No No No
specimen up to the holding clamp
Cotton indicator ignited by flaming No No Yes

particle or drops




(iii) Mass Loss Cone Calorimeter Test

Heat release measurements by cone calorimeters are accepted to be one of the most
reliable methods to gain information about flammability of polymeric materials. The
name “cone” is due to the conic shape of the heaters. Large scale Cone Calorimeters
utilizing oxygen consumption method works by correlating mass of oxygen consumed to
the heat released from the specimen. However, in this study a variant of cone calorimeter
which is called Mass Loss Cone Calorimeter (MLC) is utilized according to the standard
ISO 13927 Simple Heat Release Test Using a Conical Radiant Heater and a Thermopile
Detector.

In MLC test, external heat flux is brought towards to a specimen having 100x100x4 mm
dimensions by conic heaters to measure temperature and mass of the specimen
simultaneously (Figure 1.9). Temperature is measured by thermopiles which are located
in the chimney while the mass is recorded by the load cell. The outputs of thermopiles are
obtained in millivolts which are converted to heat release rate data (kW/m?) by the help of
calibration graph. In our study, the propane gas with a known calorific value is burned to
obtain calibration graph.

There are several parameters that can be obtained from the curves of MLC test which
give information about flammability of the materials such as:

Peak Heat Release Rate (PHRR) (KW/m?): the maximum quantity of heat released
from the specimen.

Total Heat Evolved (THE) (MJ/m?): the area under the Heat Release Rate vs. time
curve.

Time to Ignition (TTI) (s): the time between sparking and ignition of a material under
external irradiation.

Time to Peak Heat Release Rate (TTP) (s): the time elapsed up to peak heat release
rate.

FGI (Fire Growth Index): contribution of a material to fire propagation; ratio of PHRR
to TTI.

FIGRA (Fire Growth Rate Index): contribution of a material to fire propagation rate;
ratio of PHRR to TTP.

Char yield (wt %): weight percent of solid fire residue of a material measured at flame-
out.
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Figure 1.9 Experimental set-up of Mass Loss Cone Calorimeter test [16]

1.2.2 Flame Retardancy Mechanisms

Flame retardancy is an important aspect in polymer science and technology because of
wide use of plastics in industry under flammable conditions. Flame retardant systems
break down the combustion cycle by physically or by chemical reactions and repress or
even terminate this process.

(i) Physical Action
Flame retardant systems act as physically in three ways.

e By forming a protective layer

A protective layer which acts as a barrier between gas and solid phases can be formed by
some flame retardant additives such as; phosphorus, boric acid based, inorganic borates,
silicon compounds and low melting glasses. In the gas phase combustion takes place,
while in the solid phase thermal degradation occurs. This layer prevents transfer of heat,
combustible gases and oxygen between gas and solid phases. Therefore, thermal
degradation of the material is reduced and the “fuel” for combustion is decreased.
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e By cooling

Some flame retardant additives such as; hydrated metals decompose endothermally and
decrease the temperature below combustion temperature of the polymer. For instance,
aluminum trihydroxide and magnesium dihydroxide having chemically bonded hydroxyl
groups start liberated as water during endothermic reactions at about 200°C and 300°C,
respectively. Therefore, they cool down the reaction medium and retard combustion of
the material.

e By dilution

Inert substances and some flame retardant additives after decomposition lead to formation
of inert gases, such as NH3, CO, and H,O. These inert gases dilute combustible gaseous
mixture leading to lowered possibility of ignition.

(i) Chemical Action
Flame retardant systems may also act chemically in the condensed and gas phases.

e Reaction in gas phase

In gas phase, flame retardant additives release radicals such as gaseous Cle, Bre. These
radicals can react with highly energetic and reactive species (He, OHe) forming less
energetic halogen radicals and molecules. With this alteration of the degradation pathway,
radical concentration drop off, thus heat producing combustion processes decreases.

e Reaction in condensed phase

In condensed phase, flame retardants can accelerate breaking down of polymer causing
melting and dripping away from the flame. Melamine cyanurate is one of the most widely
used flame retardant additive 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 layer can act as an insulating barrier in
between flame zone and polymer.

There are also intumescent systems in which swelling of the surface layer of polymer is

sustained via blowing agents. Char produced can provide insulation and slow down heat
transfer from the exposed side to the unexposed side of polymer [16, 19].
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1.2.3 Traditional Metal Hydroxide Flame Retardants and Boron
Compounds

(i) Metal Hydroxides

Aluminum trihydroxide (ATH) and magnesium dihydroxide (MDH) are the most widely
used traditional metal hydroxide flame retardant additives. These additives decompose
endothermically and at the end of the reaction H,O is released. Decomposition reaction
occurs at temperatures around or above the polymer processing temperature. During
combustion, temperature of the polymer material decreases due to the endothermic
reaction and, liberated water molecules dilute the combustion fuel and act as gaseous
barrier. Moreover, metal oxide which is the product of the decomposition reaction forms
a thermally insulating protective layer, e.g. alumina (Al,Os;) layer if ATH is used.

Decomposition reactions of the widely used metal hydroxides are:
2 Al(OH); — Al,0;3 + 3 H,0O (1.2)
2 Mg(OH), — 2MgO + 2 H,0 (1.2)

ATH starts decomposition at about 180°C-200°C whereas MDH starts decomposition
above 300°C. Therefore, ATH can be used for the polymers having low processing
temperatures (e.g. LDPE and EVA), while MDH can be used for the polymers having
higher processing temperatures. MDH also maintains its flame retardant action up to
400°C, above which exothermic reaction starts.

(i) Boron Compounds

e Zinc Borate

Depending on its chemical composition, zinc borates have different dehydration
temperatures. The commercial zinc borate with the formula of 2ZnO;B,053.5H,0 has
been widely used in the literature because of its relatively high dehydration temperature
(>290°C) and efficient gas phase and condensed phase flame retardancy mechanisms
[20].

Zinc borate is considered to be a candidate to replace toxic flame retardants, especially
halogenated compounds. During combustion, zinc borate could act both in gas phase and
condensed phase. By dehydration, zinc borate releases its chemically bonded water
molecules which dilute flame, and this endothermic reaction absorbs energy delaying the
combustion. In addition to it, at high temperatures zinc borate can form glassy protective
layer which strengthens the char. Zinc borate also acts as smoke and afterglow
suppressant. Moreover, zinc borate is known to react with halogens revealing halogenated
compounds which scavenge hot radicals; therefore it could also contribute to gas phase
flame retardancy. In the literature, there are several studies utilizing zinc borate to
improve flame retardancy of many polymeric materials.
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e Boric Acid

Boric acid (orthoboric acid) has the chemical formula of H3BO;. It is the weak acid of
boron. By the application of heat, it transforms into metaboric acid (170°C), tetraboric
acid (300°C) and boron trioxide, respectively (Reactions 1.3-1.5).

H3BO3 — HBOZ + Hzo (13)
4HBO, — H,B,0:+ H,0 (1.4)
HZB407 — 28203+ Hzo (15)

Flame retardancy mechanisms of boric acid and zinc borate are thought to be similar. By
dehydration, boric acid releases its chemically bonded water molecules which dilute the
flammable atmosphere. At elevated temperatures, B,O; moiety forms a protective glassy
layer covering the surface of burning polymer. Therefore, it has mainly condensed phase
flame retardancy mechanism. In the literature, there are only a few studies investigating
the flame retardancy effects of boric acid [21, 22].

e Boron Oxide

Boron oxide with the chemical formula of B,O3; mostly has amorphous structure while it
could also crystallize into monoclinic form. During combustion, boron oxide could work
in condensed phase by forming an insulative barrier to the flammable gases. However,
there seems to be no published work, yet.

1.3 Literature Survey

1.3.1 Studies on the Flammability of LDPE and/or EVA Matrices with ATH
and Boron Compounds

Zhu and Weil [23] investigated contribution of six different metal nitrates to ATH for the
EVA matrix, in which specimens contained 50 phr of ATH and 3 phr of each metal
nitrate. They indicated that metal nitrates increased LOI values by 2.8-7.0 0,%, while
UL-94 ratings improved from fail to V-2 rating. They also stated that nitrates might lead
to oxidative degradation of EVA and produce non-flammable products, which dilute the
fuel.

Jiao and Chen [24] studied the synergistic effect of hydroxyl silicone oil (HSO) with
ATH in EVA matrix. They used 50 wt% ATH in EVA as the reference specimen. For the
other specimens ATH was replaced with 0.5, 1.0, 3.0 and 5.0 wt% HSO. They reported
that increasing HSO content decreased LOI values and none of the specimens passed UL -
94 flammability test. On the other hand, heat release rate (HRR) values decreased with
increasing content of HSO. They claimed that this synergism was basically due to the
positive effect of HSO by decreasing the accelerated rate of acetic acid release from the
EVA structure.
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Another study of Jiao and Chen [25] was about the use of fumed silica (SiO,) with ATH
in EVA matrix. This time 55 wt% ATH reference specimen was replaced with 2, 5, 8 and
10 wt% fumed silica. All specimens failed in UL-94 fire test, and increasing SiO, content
decreased LOI values as much as 3 0,%. However, increasing SiO, amount decreased
peak heat release rate (PHRR) values, for instance that decrease with 10 wt% SiO, was
by 43%. They stated that this synergism was obtained by the condensed phase flame
retardancy mechanism of SiO, especially due to the formation of a more thermally stable
barrier, and the increase in residual char of the system.

Cross et al. [26] studied effects of zinc hydroxystannate (ZHS) with ATH in EVA matrix
by replacing 150 phr ATH with 7.5 and 15 phr ZHS. They obtained increased LOI values
by 2.1 and 3.3 0,%, and decreased PHRR values by 12.4 and 26.4 % for the specimens
containing 7.5 and 15 phr ZHS, respectively. They concluded that 15 phr ZHS loading
was very effective not only in LOI and PHRR values but also in terms of smoke
suppression.

Azizi et al. [27] investigated flame retardancy of silane-crosslinked low-density
polyethylene (XLDPE) containing ATH and antimony trioxide (Sb,0). They compared
reference material of 30 phr ATH with the specimen in which ATH was replaced with 15
phr Sb,0s. They simply indicated that use of Sh,0; increased LOI value by 2 O,%.

Wei et al. [28] studied fumed silica (SiO,) with ATH in the blend of linear low density
polyethylene (LLDPE) and EVA with LLDPE/EVA ratio of 80/20. Specimens were
loaded with 150 phr ATH and various amounts of SiO, (2-12 phr). They revealed that use
of SiO, improved LOI and PHRR values. For instance, 8 phr SiO, increased LOI value by
5 O,% and decreased PHRR value by 22%. They also stated that silica-ATH synergism
was basically due to the formation of more thermally stable residual chars.

Basfar et al. [29] studied zinc borate (ZB) with ATH in LDPE/EVA (40/60) blend where
irradiation method was also applied after compounding with melt mixing. ATH was used
as 10 phr for all specimens and ZB was loaded by 4, 6 and 8 phr. They simply indicated
that the highest LOI value (25 O,%) can be achieved with 4 phr ZB at a particular
irradiation rate. They also stated that this improvement was not only due to the certain
combination of ZB and ATH but also due to cross-linking of the matrix chains by gamma
radiation.

Bourbigot et al. [30] investigated synergistic and smoke suppressant effect of zinc borate
(ZB) with ATH in the matrix of EVA. They compared reference specimen of 65 wt%
ATH with the other five specimens in which ATH was replaced by 3-15 wt% ZB. They
revealed that use of ZB improves many parameters. For example, 5 wt% ZB increased
LOI value by 9 0,% together with V-0 rating in UL-94 test, and resulted in very
significant suppression in PHRR value. Synergism and smoke suppressant effects of ZB
with ATH were discussed by their effective condensed phase mechanisms.

Isitman and Kaynak [31] studied use of another boron compound colemanite (CMT), an
hydrated calcium borate, with ATH in LDPE matrix. Their reference material with 65
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wt% ATH was replaced with 5, 10 and 20 wt% CMT. They revealed that use of CMT
improved all flame retardancy data. For instance, replacement of ATH by 10 wt% CMT
increased LOI value by 4 0,% with UL94 V-0 rating, and the suppression in PHRR value
was as much as 24%. They concluded that use of CMT with ATH resulted in better
protective character and more effective fuel trapping compared to using ATH alone.

1.3.2 Studies on the Flammability of Clay Nanocomposites of LDPE and/or
EVA Matrices with ATH

Zhang and Wilkie [14] investigated effects of using different nanoclays having different
organic-modifications on the flammability of LDPE in the absence or presence of maleic
anhydride (MA). They prepared specimens by loading 3 wt% different nanoclays and 3
wt% MA. Compared to neat LDPE, peak heat release rate (PHRR) values of all LDPE
nanocomposites were suppressed by 30-40%.

Zanetti and Costa [15] studied effects of an organically-modified clay on the flammability
of 10 wt% EVA loaded LDPE. They reported that loading of 5 wt% organoclay decreased
mass loss rate (MLR) curve by 50% compared to neat LDPE/EVA blend. They stated that
flame retardancy of the nanocomposites were due to the protective barrier action of
organoclay layers.

Tang et al. [32] investigated effects of montmorillonite (MMT) clay on the flammability
of neat EVA. They used two different particle sizes and two different loading contents (5
and 7 wt% MMT) with a compatibilizer called C16. They reported that loading of 5 wt%
MMT with smaller particle size in the presence of C16 was the most effective case
decreasing the heat release rate (HRR) value of neat EVA by 40%. They claimed that the
flame retardancy mechanism of the nanocomposite was due to the gas barrier properties
in the condensed phase.

Shi et al. [33] studied flammability of EVA/MMT nanocomposites which were prepared
by a masterbatch process using polymer-modified clay. They used 20 wt% of two
different modifiers; a cationic vinyl acetate copolymer (PVAc) and PVAc homopolymer
(PVACL). Authors observed that silicate layers in the 5.6 wt% MMT containing specimen
with PVAc1 were exfoliated, while in the 5.9 wt% MMT containing specimen with PVACc
they were intercalated. According to the microscale combustion calorimetry test results,
intercalated and exfoliated specimens decreased heat release capacity (HRC) values by
24% and 21%, respectively.

Marosfoi et al. [34] investigated effects of non-modified, organophillized and organic-
inorganic modified montmorillonites on the flammability of neat EVA. According to UL-
94 tests, organophillized MMTs resulted in the most efficient contribution in hindering
dripping, while organic-inorganic modified MMTs were found effective for both flame
spreading and dripping. On the other hand, heat release rate (HRR) curves showed that
the highest suppression in HRR was obtained by non-modified MMTs, while
organophillized and organic-inorganic modified MMTs lead to similar peak values.
16



Yen et al. [35] studied synergistic flame retardant effect of nanoclays (NC) in EVA
matrix filled with 50 wt% ATH. Nanocomposite samples were prepared by replacing
ATH with 1, 2, 4 and 6 wt% NC. They obtained increased LOI values by 1.5 and 2.5 O,%
while UL-94 ratings improved from fail to V-0 rating for the specimens containing 1 and
2 wt% NC, respectively. Higher NC loadings caused reduction in LOI values. Moreover,
NC loading resulted in decreased peak heat release rate (PHRR) values having the highest
suppression with only 1 wt% NC. They also stated that addition of NC to EVA/ATH
system lead to the formation of stacked surface layers acting as barriers to oxygen supply,
heat conduction and release of flammable gases.

Chen et al. [36] investigated contribution of Fe-montmorillonite (Fe-OMT) to the flame
retardancy of 50 wt% ATH filled EVA by replacing ATH amount with 0.5, 1, 2 and 3
wt% Fe-OMT. They revealed that LOI values of the nanocomposites increased as much
as 6 O,% with 3 wt% Fe-OMT replacement, while UL-94 V-0 rating and the lowest HRR
value were obtained with 2 wt% Fe-OMT replacement. They claimed that these
synergistic effects of Fe-OMT were based on the physical barrier mechanism and also on
the formation of carbonaceous chars catalyzed by Fe-OMT.

Bee et al. [37] studied effects of montmorillonite (MMT) on the LOI values of electron
beam irradiated and ATH loaded LDPE/EVA (50/50) blends. All specimens contained
150 phr ATH and different amounts of MMT (5, 10, 15, 20 wt%). They obtained
increasing LOI values with increasing MMT loading levels for the nonirradiated and
irradiated specimens. For instance, LOI value of 20 wt% MMT loaded nonirradiated
specimen was 2.4 O,% higher compared to 5 wt% MMT loaded one. They concluded that
use of MMT promoted char formation acting as a physical barrier.

Zhang et al. [38] examined contribution of 5 wt% nanoclays on the cone calorimetric
flame retardancy parameters of EVA/LDPE loaded with 68 wt% ATH. They simply
indicated that NC incorporation alone suppressed HRR curves, but the lowest HRR value
was achieved when NC was used together with ATH. They added that NC was especially
effective on the condensed phase flame retardancy mechanism.

Ramirez-Vargas et al. [39] investigated contribution of 10 wt% organomodified
montmorillonite (MMT) for the LDPE/EVA (70/30) blends loaded with 47, 43 and 38
wt% ATH by comparing with the reference blend having only 53 wt% ATH. According
to LOI tests, they revealed that nanoclays should not be used with lower amounts of
ATH. For instance, when ATH content was decreased from 53 wt% to 38 wt%, LOI
value decreased by 1.5 0,%. They also indicated that during UL-94 tests specimens with
nanoclays had no dripping.
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1.4 Aim of the Study

Owing to sufficient mechanical properties, easy processability, chemical resistance and
low cost of low density polyethylene (LDPE); and high filler loading capacity and
flexibility of ethylene vinyl acetate copolymer (EVA); they are both the most widely used
cable insulation materials in industry. Main problem in these materials is their rather very
low flame retardancy, i.e. they need very effective flame retardants [29, 40-42].

Today, due to the ban on halogen-based flame retardants by many national and
international directives, the most suitable halogen-free flame retardants chosen for these
materials in cable industry are metal hydroxides; particularly aluminum hydroxide
(ATH). However, in order to obtain required levels of flame retardancy, very high
amounts of ATH, usually between 60 and 65 wt% is required [26, 43, 44]. Therefore,
researches investigating synergistic compounds with traditional ATH have been
important both for the academia and the industry.

In the literature, there seems to be only six studies [23-28] investigating the possible
synergism of certain materials when used together with traditional ATH for the matrices
of LDPE and/or EVA. In terms of use of boron compounds with ATH in LDPE and/or
EVA matrices, there are two studies conducted with zinc borate [29, 30] and only one
study with colemanite [31].

Since there are only two studies about zinc borate (ZB) and no studies about boron oxide
(BO) and boric acid (BA) reported so far in the literature, the first aim of this study was to
investigate possible flame retardancy synergism of three boron compounds (ZB, BO and
BA) with ATH in the cable insulation materials of LDPE and LDPE/EVA blends.

Recently, using “nanocomposite approach”, i.e. investigating the contribution of nano-
sized materials to the traditional flame retardants is becoming crucial. However, for the
cable insulation materials LDPE and EVA, the number of these studies in the literature is
very limited. For example, there seems to be one work reported studying the effects of
nanoclays alone on the flammability of neat LDPE [14] and LDPE/EVA [15] blends,
whereas there seems to be three such studies [34-36] for neat EVA.

It is known that, although there are certain levels of improvements in some of the flame
retardancy parameters of polymers via condensed phase barrier mechanism of nanoclays,
these improvements are far from the required levels of industrial standards. Therefore,
rather than using nanoclays alone, investigators try to obtain synergistic improvements by
replacing certain amounts of traditional flame retardants with small amounts of
nanoclays.

In this respect, in the literature, there seems to be no work investigating the contribution
of nanoclays when used together with ATH for LDPE matrix, but there are two studies
[35, 36] for EVA matrix, and three studies [37-39] for LDPE/EVA blends. For these
matrices there is no study reported for the contribution of nanoclays when used together
with ATH-ZB system either.
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Therefore, the second aim of this study was to investigate contribution of nanoclays when
used alone, and together with traditional flame retardant ATH; and also together with
ATH-ZB synergistic system for these two cable insulation materials.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

Chemical structures of the materials used in this study are given in Table 2.1, while other
properties are given below.

(i) Matrix Materials LDPE and EVA
Cable insulation materials used were LDPE (Argento 15803-020) and EVA (DuPont
Elvax 220W) with 28 wt% vinyl acetate content. LDPE has melt flow index of 2.0 g/10

min and density of 0.919 g/cm® and EVA has melt flow rate of 150 g/10 min and density
of 0.949 g/cm’.

(i) Compatibilizers PE-g-MA and EVA-g-MA

Maleic anhydride modified copolymers PE-g-MA (DuPont, Fusabond E226) and EVA-g-
MA (DuPont, Fusabond C190) were also used as the compatibilizers to promote adhesion
between matrix materials and all additives.

(iii) Traditional Flame Retardant ATH

As the halogen-free metal hydroxide flame retardant aluminum trihydroxide (ATH)
(Albemarle, Martinal OL-107) with an average particle size in the range of 0.9-1.5 mm
was used.

(iv) Nanoclay NC

The nanoclay (NC) used was Cloisite 20A (Southern Clay), an organically modified
montmorillonite with dimethyl dehydrogenated-tallow, quaternary ammonium (2M2HT).

(v) Boron Compounds ZB, BO, BA
Three different boron compounds; zinc borate (ZB) with a formula of
2Zn0.3B,03.3.5H,0, boron oxide (BO) and boric acid (BA) were kindly provided by ETI

Mine Works Inc (Turkey). ZB, BO and BA had average particle sizes of 12.4, 12.8, 33.7
um, and purities of 97, 91, 99%, respectively.

21



Table 2.1 Chemical structure of the materials used

Chemical Structure

H
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OH OH
HO | 1
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H
' ~o
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i OH
N
™
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oxygen atoms are not
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0] @] @]
B Oxid
oron Oxide \B/ \B/
H\(|3
Boric Acid B H
(I)/ \O/
H
CH;
I
Nanocla Organic Modifier of CH; —N'—HT
y Cloisite 20A |
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(where HT is Hydrogenated
Tallow)
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2.2 Production of the Specimens

As the cable insulation materials two groups of polymer matrices were investigated. The
first one was only LDPE, while the latter one was a blend of LDPE/EVA with a ratio of
3:1.

In the first part of this study, in order to evaluate possible synergism of boron compounds,
the reference material was chosen as LDPE or LDPE/EVA with 65 wt% ATH. Then for
each matrix, amount of ATH was replaced with 10, 20, and 30 wt% ZB and BO. But, the
use of BA was only 10 wt% due to the overlapping of the first dehydration temperature of
BA with the compounding temperature profile of LDPE and EVA leading to significant
compounding problems.

In the second part of this study, amount of the nanoclay (NC) used in all formulations was
chosen as 5 wt%. In order to evaluate contribution of this NC it was first introduced into
each matrix material alone without any additive, then replacing 5 wt% of the 65 wt%
traditional ATH, and then replacing 5 wt% of the 55 wt% ATH-10 wt% ZB synergistic
system.

Designations and compositions of the specimens produced are tabulated in Table 2.2. For
the LDPE matrix group PE-g-MA was used at 5 phr (parts per hundred resin), while for
LDPE/EVA group both PE-g-MA and EVA-g-MA were used at 2.5 phr. For all the
groups, zinc stearate was also used at 1 phr as a lubricant to enhance processability of the
compounds and nanocomposites.

Matrix polymers, all additives and nanoclay were compounded by melt mixing method in
a laboratory size twin-screw extruder (Rondol Microlab 10 mm, L/D = 20). Although
there were slight changes with the compound and nanocomposite composition, in general
the temperature profile during extrusion for LDPE matrix compounds and
nanocomposites was 88°-114°-153°-181°-186°C with 100 rpm screw speed, while for
LDPE/EVA matrix compounds and nanocomposites it was 90°-110°-140°-160°-172°C
with 69 rpm screw speed.

Specimens were shaped by two methods; compression and injection molding. Square
plates for cone calorimeter tests were compression molded at 125°C with 6 minutes
preheating followed by 90 bar pressure for 2 minutes. Injection Molding (DSM Xplore
10cc Micro) of the flammability and mechanical test specimens were done with barrel
and mould temperatures of 180°C and 30°C, respectively under three step pressure of 7
bars.
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Table 2.2 Designations and compositions (wt%) of the specimens

Specimens LDPE EVA ATH ZB BO BA NC
LDPE 100 - - - - -
LDPE-ATH65 35 - 65 - - -
LDPE-ATH55-ZB10 35 - 55 10 - -
LDPE-ATH45-ZB20 35 - 45 20 - -
LDPE-ATH35-ZB30 35 - 35 30 - -
LDPE-ATH55-BO10 35 - 55 - 10 -
LDPE-ATH45-B0O20 35 - 45 - 20 -
LDPE-ATH35-BO30 35 - 35 - 30 -
LDPE-ATH55-BA10 35 - 55 - - 10
LDPE-NC 95 - - - - - 5
LDPE-ATH60-NC 35 - 60 - - - 5
LDPE-ATH50-ZB-NC 35 - 50 10 - - 5
LDPE/EVA 75 25 - - - -
LDPE/EVA-ATHS65 2625 875 65 - - -
LDPE/EVA-ATHS55-ZB10 2625 875 55 10 - -
LLDPE/EVA-ATH45-ZB20 2625 875 45 20 - -
LDPE/EVA-ATH35-ZB30 2625 875 35 30 - -
LDPE/EVA-ATH55-BO10 2625 875 55 - 10 -
LDPE/EVA-ATH45-BO20 2625 875 45 - 20 -
LDPE/EVA-ATH35-BO30 2625 875 35 - 30 -
LDPE/EVA-ATHS55-BA10 2625 875 55 - - 10
LDPE/EVA-NC 7125 2375 - - - - 5
LDPE/EVA-ATH60-NC 2625 875 60 - - - 5
LDPE/EVA-ATH50-ZB-NC 2625 875 50 10 - - 5
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2.3 Flammability Tests of the Specimens

Limiting Oxygen Index (LOI) measurements, UL-94 vertical burning and Mass Loss
Cone Calorimeter (MLC) tests were utilized to investigate flame retardancy properties of
the specimens. The procedure and the parameters obtained from these particular tests
were explained in Section 1.2.1 in detail.

(i) Limiting Oxygen Index

Limiting Oxygen Index (LOI) measurements were conducted by an oxygen index
apparatus (Fire Testing Technology Inc.) having a paramagnetic oxygen analyzer
according to the standard of 1SO 4589 Determination of Burning Behavior by Oxygen
Index.

(i) UL-94 Vertical Burning Test

UL-94 vertical burning tests were assessed as the procedure explained in the standard UL-
94Tests for Flammability of Plastic Materials for Parts in Devices and Appliances
developed by Underwriters Laboratories.

(iii) Mass Loss Cone Calorimeter

Mass Loss Cone Calorimeter (Fire Testing Technology Inc.) was utilized to measure heat
release rates and mass loss rates of the burning specimens having the dimensions of
100x100x4 mm according to the procedure given in the standard 1ISO 13927 Simple Heat
Release Test Using a Conical Radiant Heater and a Thermopile Detector. During MLC
test, in the first part of this study external heat flux was kept as 35 kW/m?, while in the
second part heat flux was 50 kW/m?. Data were recorded using a data-acquisition system
and the outcomes of the test indicated that measured heat release rates are reproducible
with £10% deviation.

2.4 Other Tests and Analysis

(i) Thermogravimetric Analysis

In order to investigate thermal degradation of the specimens, thermogravimetric analysis
(TGA) (Netzsch STA 449 F3 Jupiter) was carried out under nitrogen at a flow rate of 20
ml/min and a heating rate of 10°C/min.

(i) X-ray Diffraction Analysis

Wide angle X-ray diffraction analysis (XRD) (Rigaku D-Max 2200) with CuKa radiation
(40 kV, 40 mA) was first utilized for boron compounds. Then, MLC chars were analyzed
over a scanning range of 5°80°. Finally, it was conducted in order to evaluate
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dispersibility and intercalation/exfoliation state of NC silicate layers in LDPE and
LDPE/EVA matrices over the continuous range of 1°-10°.

(iii) Transmission Electron Micoscopy

For the visual evidence of intercalation/exfoliation, transmission electron microscopy
(TEM) (FEI Tecnai G2 Spirit Bio TWIN) was conducted at an acceleration voltage of 80
kV. To prepare samples for TEM, an ultra-microtome (Leica EM UC6) with a diamond
knife was utilized. Sections having less than 100 nm thicknesses were sliced and
transferred to 400 mesh copper grids.

(iv) Scanning Electron Microscopy

Morphological studies of the LOI specimen chars and fracture surfaces of tensile test
specimens were conducted under scanning electron microscopy (SEM) (FEI Nova Nano
430).

(v) Tensile Testing

Mechanical behavior of the specimens were evaluated by tensile tests on at least five ISO
527 Type 1A samples using a universal testing machine (Instron 5565A, 5 kN).
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CHAPTER 3

RESULTS AND DISCUSSION

As stated before, since this dissertation has two main purposes and consequently two
basic experimental stages, their results are presented and discussed successively in the
following two subsections:

3.1 Synergistic Effects of Three Boron Compounds with ATH in LDPE and
LDPE/EVA Matrices

The first purpose of this thesis was to investigate possible flame retardancy synergism of
three boron compounds (ZB, BO and BA) with ATH in the cable insulation materials of
LDPE and LDPE/EVA blends. Results of flammability tests and other analyses
conducted for this purpose are presented and discussed below.

3.1.1 Thermal Decomposition of ATH and Boron Compounds

Before the flammability studies, thermal decomposition of ATH and three boron
compounds (ZB, BO and BA) used in this study were investigated by thermogravimetric
analyses. Their TG and DTG curves are given in Figure 3.1 while thermal degradation
parameters determined from these curves are tabulated in Table 3.1.

Figure 3.1 and Table 3.1 show that ATH used in this study undergoes an endothermic
dehydration reaction in the temperature range of 250°-350°C with 65% char yield.
Byproducts of this reaction are H,O and alumina (Al,Oz) as given in Reaction 3.1:

Zinc borates (2Zn0.3B,05.3.5H,0) decompose endothermically usually in two steps
releasing water, boric acid and boron oxide (B,Os) and zinc oxide (Zn0O,). It is seen in
Figure 3.1 and Table 3.1 that ZB used in this study decomposes mainly between 350°-
450°C leading to a formation of 86% residue. The initial degradation peak at around
242°C is not significant leading to only 1 wt% mass loss.
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Table 3.1 Thermal degradation parameters of ATH and boron compounds determined
from TG and DTG curves

) ToTe-Peak 1’ ToTG-Peak 2” ToTG-Peak 3’ % Residue
Materials d
C) °C) C) at 600°C
ATH 317 - - 65.0
ZB 242 415 - 85.8
BO 106 161 292 81.1
BA 153 213 265 55.9

8 T ore-peac 1: First peak temperature in DTG curve.

® Tore.peak 2. Second peak temperature in DTG curve.
*Tore-reac 3. Third peak temperature in DTG curve.
99 Residue at 600°C: % Char yield at 600 °C.

Boron Oxide (B,0s) softens around 350°C and flows above 500°C forming a protective
vitreous layer. Figure 3.1 and Table 3.1 show that there are three small decomposition
peaks for BO used in this study. BO is very susceptible to moisture; therefore the first
small decomposition peak at 106°C with 1.7 wt% mass loss should correspond to the
evaporation of adsorbed water. The other two small decomposition peaks at 161°C and
292°C could be explained with the possible reaction between BO and evaporated water
resulting in formation and then decomposition of metaboric acid (HBO,) or tetraboric
acid (HB;07). Above 400°C, the remaining 81 wt% phase should be vitreous boron
oxide.

Boric acid (H3BOs) liberates water at around 150°C and produces metaboric acid
(Reaction 3.2) or also tetraboric acid, and then the second water liberation occurs at
around 265°C with the formation of boron oxide (Reaction 3.3):

2 H3BO3 — 2 HB02 +2 Hgo (32)
2 HBOQ—> B203 + HQO (33)
It is seen in Figure 3.1 and Table 3.1 that the main decomposition occurs at 153°C for the
BA used in this study, followed by other decomposition peaks at 213°C and 265°C

corresponding to the liberation of chemically bonded water molecules. At the end above
400°C, the remaining 56 wt% char should be again vitreous boron oxide.
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Figure 3.1 (a) Thermogravimetric (TG) and (b) Differential Thermogravimetric (DTG)
curves of ATH and boron compounds
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3.1.2 UL-94 and LOI Flammability Tests

Results of UL-94 and LOI flammability tests are given in Table 3.2. It is seen that both
cable insulation matrices LDPE and LDPE/EVA fail from UL-94 rating with also very
low LOI values of 19 and 18 O,%, respectively. When they are loaded with 65 wt%
traditional flame retardant ATH, they obtain the best rating (V-0) of UL-94; and
significant increases of LOI values up to 30 and 31 O,%, respectively.

It is well established in the literature [16] that; the basic flame retardancy mechanism of
ATH is physical barrier action in both gas and condensed phases. As discussed in the
previous section, ATH decomposes endothermically liberating H,O molecules at the end
of the reaction. During combustion, temperature of the polymer matrix decreases due to
this endothermic reaction; and by product H,O molecules dilute the combustion fuel, i.e.
barrier mechanism in the gas phase. Moreover, Al,O3 which is the other product of the
decomposition reaction forms a thermal insulating protective layer on the polymer, i.e.
barrier mechanism in the condensed phase.

Table 3.2 shows that, for both matrices, when 10, 20 and 30 wt% ATH was replaced with
boron compounds ZB, BO, and BA, all specimen formulations keep their UL-94 rating of
V-0. In terms of LOI values, although there were very slight decreases for a few
specimens, many of them had equal or higher values compared to the reference
specimens with 65 wt% ATH. For example, the increase in LDPE matrix was from 30 to
31 O,%, while in LDPE/EVA matrix from 31 up to 36 O,%, respectively.

Therefore, it can be concluded that, for both matrix materials, replacement of certain
amount of ATH with boron compounds ZB, BO, BA not only keep V-0 UL-94 rating, but
also leads to synergistic increases in the LOI values of the specimens. Synergism
especially takes place with 10 wt% replacements, increasing the replacement amount
decreases the synergistic effect.
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Table 3.2 Results of UL-94 and LOI flammability tests

Specimens UL-94 rating® LOI (O, %)"
LDPE Fail 19
LDPE-ATHG65 V-0 30
LDPE-ATH55-ZB10 V-0 30
LDPE-ATH45-ZB20 V-0 28
LDPE-ATH35-ZB30 V-0 27
LDPE-ATH55-BO10 V-0 31
LDPE-ATH45-BO20 V-0 27
LDPE-ATH35-BO30 V-0 27
LDPE-ATH55-BA10 V-0 31
LDPE/EVA Fail 18
LDPE/EVA-ATHG65 V-0 31
LDPE/EVA-ATH55-ZB10 V-0 32
LDPE/EVA-ATH45-ZB20 V-0 30
LDPE/EVA-ATH35-ZB30 V-0 29
LDPE/EVA-ATH55-BO10 V-0 36
LDPE/EVA-ATH45-BO20 V-0 33
LDPE/EVA-ATH35-BO30 V-0 30
LDPE/EVA-ATH55-BA10 V-0 33

®Materials flammability classifications for stringent vertical orientation; Fail (flame extinguishing
t>30 s), V-2 (flaming drips, material self-extinguishes at 10<t<30 s), V-1 (material self-
extinguishes at 10<t<30 s, without dripping), V-0 (material self-extinguishes at t<10 s)

®Oxygen level required for sustained flaming combustion.
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3.1.3 Mass Loss Cone Calorimetry

Fire performances of the cable insulation materials based on LDPE and LDPE/EVA
matrices were evaluated by using mass loss cone calorimeter. Figure 3.2 and 3.3 show
heat release rate (HRR) and mass loss rate (MLR) curves only for the specimens with
ATH and 10 wt% boron compounds for each matrix, while important fire parameters
determined for all specimens are given in Table 3.3.

These figures simply reveal that both cable insulation materials LDPE and LDPE/EVA
have high single peaks with very large areas under, i.e. they both have very high levels of
peak heat release rate (PHRR) and total heat evolved (THE). When both matrices were
loaded with 65 wt% ATH, Table 3.3 shows that PHRR and THE values decrease
drastically. For example, suppressions in PHRR values were 92% and 90%, while in THE
values 83% and 59%, for the LDPE and LDPE/EVA matrices, respectively.

Table 3.3 also indicates that, when certain amount of ATH was replaced with boron
compounds there were no significant differences in PHRR and THE values. Only,
replacements with 10 wt% boron compounds resulted in certain level of synergism. For
instance, PHRR value of the LDPE specimen with 65 wt% ATH was suppressed further
by 38% with 10 wt% BO replacement, and by 13% with 10 wt% BA replacement. In the
LDPE/EVA matrix, there seems to be slight synergism in the values of PHRR and THE
with 10 wt% ZB replacement.

Figures 2 and 3 also show that HRR curves of ATH loaded specimens have two distinct
peaks. The first HRR peak is attributed to the material combustion prior to charring while
the part between first and second HRR peaks represent gradual burning of the specimen
through the thickness after the formation of initial char layer. The second peak should be
due to the diminishing mass of fuel being subject to more rapid heating toward the end of
combustion. These multiple HRR peaks have been also reported by [34] and [45]. Due to
basically their similar flame retardancy mechanism (i.e. physical barrier formation), HRR
curves of the specimens with boron compounds had also two peaks.

In terms of time to ignition (TTI) values, Table 3.3 reveals that use of ATH prolong the
ignition time, while replacement of certain amount of ATH with boron compounds leads
to synergism by delaying the ignition time further in many specimens.

Contribution of a material to the flame spread can be evaluated by fire growth index
(FGI) which is the ratio of PHRR/TTI. FGI values tabulated in Table 3.3 indicate that
ATH decreases fire propagation rate of both matrices significantly, and replacement of
certain amounts of ATH with boron compounds lead to similar influences, again having
synergism in many specimens.

The ratio of THE/TML (total heat evolved/total mass loss) and % Char Yield data might

give information about the flame retardancy mechanisms of specimens. Table 3.3 reveals
that values of these two parameters for the specimens loaded with only ATH and ATH
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with boron compounds are very similar, i.e. physical barrier mechanism basically in the
condensed phase.

On the other hand, it is known that ATH, ZB and BA liberate their chemically bonded
water molecules during combustion and lead to the dilution of combustible fuel.
Therefore, it can be said that ATH, ZB and BA might contribute physical barrier
mechanism also in the gas phase.

For both cable insulation materials, it can be simply summarized that replacement of
certain amount of ATH with boron compounds leads to similar mass loss cone
calorimeter (MLC) parameters with similar mechanisms. Synergisms in the parameters of
PHRR, TTI, FGI and % Char Yield could be obtained with the replacements of especially
10 wt% ZB, BO and BA. Another advantage of these boron compounds, especially ZB,
would be their very good ability of smoke and afterglow suppression.
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Table 3.3. Mass Loss Cone Calorimeter parameters of the specimens

Specimens PHRR THE TTI FGI THE/TML  Char Yield
(KW/m?) (MJ/m?) (s) (KW/mZs)  (MJImP.g) (%)
LDPE 1040 178 108 9.6 5.4 1
LDPE-ATH65 82 30 111 0.7 0.9 43
L DPE-ATHS55-ZB10 04 49 86 1.1 1.7 49
L DPE-ATH45-ZB20 83 45 108 0.8 1.6 50
LDPE-ATH35-ZB30 132 113 102 1.3 3.5 46
L DPE-ATH55-BO10 51 31 149 0.4 1.1 53
LDPE-ATH45-B0O20 120 92 148 0.8 2.8 47
LDPE-ATH35-BO30 140 120 164 0.9 3.5 45
L DPE-ATHS5-BA10 71 38 158 0.5 1.2 47
LDPE/EVA 1247 165 89 14.0 4.9 2
L DPE/EVA-ATH65 123 67 98 1.3 2.0 44
L DPE/EVA-ATHS55-ZB10 121 65 104 1.2 1.9 44
L DPE/EVA-ATH45-ZB20 128 79 95 1.4 2.4 45
L DPE/EVA-ATH35-ZB30 133 81 01 15 2.4 46
L DPE/EVA-ATH55-BO10 142 73 130 1.1 2.2 43
L DPE/EVA-ATH45-BO20 144 74 200 0.7 2.3 46
L DPE/EVA-ATH35-BO30 151 77 198 0.8 2.4 47
L DPE/EVA-ATHS5-BA10 145 72 143 1.0 2.2 41
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Figure 3.2. (a) Heat Release Rate and (b) Mass Loss Rate curves of the specimens with
LDPE matrix
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3.1.4 Thermogravimetric Analysis

Thermogravimetric (TG) and Differential Thermogravimetric (DTG) curves of the
specimens based on LDPE and LDPE/EVA matrices are given in Figure 3.4 and 3.5,
respectively, while the thermal degradation parameters derived from these curves are
tabulated in Table 3.4.

These curves show that neat LDPE matrix decomposes in one step at around 480°C with
nearly no residue formation. On the other hand, due to the EVA content LDPE/EVA blend
decomposes in two steps, the first step being around 357°C, again without residue formation.
It is known that thermal decomposition of EVA proceeds first by losing acetic acid and
formation of unsaturated polyenes followed by random chain scission of the remaining
material, releasing unsaturated vapour species such as butane and ethylene [3].

When ATH was incorporated into LDPE matrix, first, an initial peak appeared around 329°C
due to endothermic dehydration reaction of ATH leading to 16 wt% overall mass loss, while
there was no change in the LDPE decomposition peak of 480°C. When ATH was loaded into
LDPE/EVA matrix, there was no change in the second peak of 478°C, while the first peak
decreased from 357°C down to 336°C due to again early decomposition of ATH.

In terms of 10 wt% and 50 wt% degradation temperatures (T ioww and Tsous), Table 3.4
indicates that Toue, Values of both matrix materials decreases significantly, due to the early
dehydration reactions of ATH. On the other hand, Tsou vValues of the matrices increased by
7°C and 14°C, respectively. However, the most significant contribution of ATH loading was
the formation of residue which was 38 wt% for LDPE matrix and 40 wt% for LDPE/EVA
matrix.

When certain amount of ATH loading was replaced with 10 wt% boron compounds ZB, BO
and BA, it was observed that there were no significant changes in the values of DTG peak
temperatures and 10 wt% and 50 wt% thermal degradation temperatures. However, there
were synergistic increases in the percent residue formation for each matrix, for example, ZB
replacement resulted in as much as 5 wt% extra residue formation.
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Table 3.4 Thermal degradation parameters of the specimens determined from TG and DTG curves

8¢

Specimens Tore-peaki” TpTG-Peak2.  Tiowto Tsowe. % Residue
°C) °C) °C) °C) at 600°C*
LDPE - 480 451 477 0.2
LDPE-ATHG65 329 480 324 484 38.4
LDPE-ATH55-ZB10 322 475 320 481 43.4
LDPE-ATH55-BO10 343 444 323 449 43.8
LDPE-ATH55-BA10 335 450 322 455 38.6
LDPE/EVA 357 478 431 473 0.3
LDPE/EVA-ATHG65 336 478 329 487 40.2
LDPE/EVA-ATH55-ZB10 335 478 330 489 455
LDPE/EVA-ATH55-BO10 336 463 303 464 43.5
LDPE/EVA-ATH55-BA10 340 458 313 464 42.0

8 Tore-reak 1. First peak temperature in DTG curve.

P Tore-peac 2: Second peak temperature in DTG curve.

T1owie: Thermal degradation temperature for 10% mass loss.
Tsowee: Thermal degradation temperature for 50% mass loss.

®% Residue at 600°C: % Char yield at 600 °C.
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Figure 3.4 (a) Thermogravimetric (TG) and (b) Differential Thermogravimetric (DTG)
curves of the specimens with LDPE matrix
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Figure 3.5 (a) Thermogravimetric (TG) and (b) Differential Thermogravimetric (DTG)
curves of the specimens with LDPE/EV A matrix

40



3.1.5 Residue Analysis

Residue analysis was first performed with the macro-scale visual examination of the surface
char layers of all MLC specimens just after the test. Surface char layer images of the
specimens with LDPE and LDPE/EVA matrices are given in Figures 3.6 and 3.7,
respectively.

Figures 3.6(a) and 3.7(a) show that using only ATH leads to formation of continuous and
rather cohesive char layer with almost no cracking. On the other hand, when boron
compounds ZB, BO and BA were incorporated, it was observed that (Figures 3.6(b,c,d) and
Figures 3.7(b,c,d)) there was not only formation of several cracks through surface char
layers, but also certain levels of intumescence occurred. Although cracking is a
disadvantage, intumescence character of the char layers resulted in certain synergism in the
physical barrier mechanism.

(b) (© @
Figure 3.6 Macroscale apperances of the surface char layers of MLC specimens with LDPE
matrix; (a) LDPE-ATH65, (b) LDPE-ATH55-ZB10, (c) LDPE-ATH55-BO10, (d) LDPE-
ATH55-BA10
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(®) (© @
Figure 3.7 Macroscale apperances of the surface char layers of MLC specimens with
LDPE/EVA matrix; (a) LDPE/EVA-ATH65, (b) LDPE/EVA-ATH55-ZB10, (c)
LDPE/EVA-ATH55-BO10, (d) LDPE/EVA-ATH55-BA10

Apart from the expected ones, in order to reveal whether there is any other ceramic structure
formed in the char layers, XRD analyses were conducted on the MLC chars of all specimens.
XRD diffractograms of the specimens with each matrix are given in Figures 3.8 and 3.9,
respectively.

Figures 3.8 and 3.9 show that when only ATH was loaded, typical crystal peaks of alumina,
the main byproduct of the decomposition, were appeared. When ZB was added, two more
peaks corresponding to its decomposition byproducts; dehydrated zinc borate and zinc oxide,
were also formed. Similarly, when BO and BA were added, typical peaks of boron oxide
also appeared.

Thus, it can be stated that, apart from the expected decomposition byproducts, no other

phases were formed in the chars of the MLC specimens. This could be interpreted as another
confirmation of the physical barrier mechanism of ATH and boron compounds.
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Figure 3.8 XRD patterns of the chars of the MLC specimens with LDPE matrix
* Aluminum oxide: Al,Oz (Card no: 04-0880)
+ Dehydrated zinc borate: Zn(BO,), (Card no: 39-1126)
e Zinc oxide: ZnO, (Card no: 13-0311)
¢ Boron oxide: B,O; (Card no: 06-0297)
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Figure 3.9 XRD patterns of the chars of the MLC specimens with LDPE/EVA matrix
* Aluminum oxide: Al,O; (Card no: 04-0880)
+ Dehydrated zinc borate: Zn(BO,), (Card no: 39-1126)
e Zinc oxide: ZnO, (Card no: 13-0311)
¢ Boron oxide: B,03; (Card no: 06-0297)
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3.1.6 Mechanical Behavior

In order to observe effects of traditional flame retardant ATH and boron compounds on the
mechanical performance of cable insulation materials LDPE and LDPE/EVA, at least five
specimens for each formulation were investigated by tensile tests. Figures 3.10 and 3.11
show tensile stress-strain behavior of the specimens with ATH and 10 wt% boron
compounds for each matrix, while mechanical properties determined for all specimens are
tabulated in Table 3.5.

Figures 3.10 and 3.11, and Table 3.5 indicate that incorporation of 65 wt% ATH increases
both modulus and strength of cable insulation materials, which is due to the decreased chain
mobility of the polymer matrices by the very rigid inorganic fillers. For example, the
increases in Young’s Modulus are as much as 5 times for LDPE matrix, and 4 times for
LDPE/EVA matrix, respectively. Increases in tensile strength are only 20% for both LDPE
matrix and LDPE/EV A matrix.

On the other hand, it is seen that ductility (i.e. % elongation at break) values of both matrix
polymers drop drastically due to the extreme stiffening effect of the required very large
quantity of flame retardant additive. Table 3.5 indicates that, 65 wt% ATH decreases
ductility of LDPE matrix by 5 times, while that decrease is as much as 11 times for
LDPE/EVA matrix.

Figures 3.10 and 3.11, and Table 3.5 also show that replacement of certain amounts of ATH
with boron compounds ZB, BO, BA leads to very similar influences on the mechanical
properties of both matrix materials, i.e. they all lead to similar increases in the values of
Young’s Modulus and Tensile Strength, and similar decreases in the % Elongation at break
values.

In order to clarify these similar influences, fracture surfaces of the tensile test specimens
were examined under SEM. Fracture surface morphology of each matrix are given in Figures
3.12 and 3.13, respectively. Fractographs revealed that all flame retardants (ATH, ZB, BO,
BA) were homogeneously dispersed, with similar levels of interfacial bonding.

Therefore, it can be concluded that replacement of certain amounts of ATH with boron

compounds (ZB, BO, BA) result in similar changes in the mechanical properties of the both
cable insulation materials.
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Figure 3.11 Tensile stress-strain curves of the specimens with LDPE/EVA matrix
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Table 3.5 Mechanical properties of the specimens

Young’s Tensile )

Specimens Modulus Strength ¥ Elongation
(GPa) (MPa) at break

LDPE 0.194+0.01 11.1£0.3 46+3
LDPE-ATHG65 0.93+0.01 13.6+0.4 0+1
LDPE-ATH55-ZB10 0.80+0.07 13.4+0.2 8+1
LDPE-ATHA45-ZB20 0.95+0.12 12.4+0.1 7+1
LDPE-ATH35-ZB30 1.03+0.03 12.5+0.1 7+1
LDPE-ATH55-BO10 1.49+0.12 13.0+0.5 4+1
LDPE-ATH45-BO20 2.12+0.11 12.3+0.5 2+1
LDPE-ATH35-BO30 2.15+0.20 11.0+0.5 2+0
LDPE-ATH55-BA10 1.03+0.04 13.3+0.3 7+1
LDPE/EVA 0.13+0.01 7.8£0.3 109+28
LDPE/EVA-ATHG65 0.53+0.02 9.5+0.3 10+1
LDPE/EVA-ATH55-ZB10 0.55+0.03 9.3+0.3 9+1
LDPE/EVA-ATH45-ZB20 0.54+0.03 9.1+0.2 9+1
LDPE/EVA-ATH35-ZB30 0.53+0.02 9.1+0.4 10+2
LDPE/EVA-ATH55-BO10 0.73+0.08 9.1£0.1 7+1
LDPE/EVA-ATHA45-B0O20 0.91+0.12 8.6+£0.4 5+1
LDPE/EVA-ATH35-BO30 1.05+0.06 8.7+0.4 4+1
LDPE/EVA-ATH55-BA10 0.56+0.03 9.0+0.2 10+1

47



Figure 3.12 SEM fractographs of the specimens with LDPE matrix; (a) LDPE, (b) LDPE-
ATH65, (c) LDPE-ATH55-2B10, (d) LDPE-ATH55-BO10, (e) LDPE-ATH55-BA10
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Figure 3.13 SEM fractographs of the specimens with LDPE/EVA matrix; (a) LDPE/EVA,
(b) LDPE/EVA-ATHS5, (c) LDPE/EVA-ATH55-ZB10, (d) LDPE/EVA-ATH55-BO10, ()
LDPE/EVA-ATH55-BA10
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3.2 Contribution of Nanoclays with ATH and Zinc Borate in LDPE and
LDPE/EVA Matrices

The second purpose of this thesis was to investigate contribution of nanoclays when used
alone, and together with traditional flame retardant ATH; and also together with ATH-ZB
synergistic system for LDPE and LDPE/EVA cable insulation materials. Results of
flammability tests and other analyses conducted for this purpose are presented and discussed
below.

3.2.1 Nanocomposite Formation

Before flammability analysis, it was necessary to determine whether nanocomposite
structure was achieved or not. For this reason, first of all X-ray diffraction analysis (XRD)
and transmission electron microscopy (TEM) were conducted in order to evaluate
dispersibility and intercalation/exfoliation level of nanoclay (NC) silicate layers in each
matrix.

It is known that Cloisite 20A nanoclay gives a sharp XRD peak at 20=3.4° corresponding to
an interlayer spacing of 2.4 nm. XRD patterns of the nanocomposite specimens in Figure
3.14 show that loading 5% NC into LDPE and LDPE/EVA matrices resulted in three XRD
peaks. In LDPE-NC specimen (Figure 3.14(a)) the first sharp peak at 26=2.38° corresponds
to the interlayer spacing of 3.7 nm. Therefore, increase of gallery distance from 2.4 nm to 3.7
nm indicates that silicate layers are very well intercalated by the LDPE molecular chains.
The second and third peaks (at 20=4.72° and 20=6.80°, respectively) are rather broad with
low intensity. These peaks should be due to the second-order and third-order reflections
corresponding to the same d-spacing of the first-order reflection.

Similarly, in LDPE/EVA-NC specimen (Figure 3.14(b)) the gallery distance was increased
from 2.4 nm to 4.5 nm (at 20=1.98°) which reveals that LDPE/EVA blend can intercalate
into the silicate layers more effectively due to the more polar structure of EVA. The second
and third peaks (at 20=4.30° and 20=6.42°, respectively) should be again due to the higher
(second and third) order basal reflections.

On the other hand, Figure 3.14(a) also shows that basal reflections disappear in the
specimens with ATH and ATH-ZB. Due to the intercalation efficiency of EVA, Figure
3.14(b) shows that there could be very low intensity, very broad peaks in ATH and ATH-ZB
loaded LDPE/EVA specimens, corresponding to 3.9 nm and 4.0 nm gallery distances,
respectively. However, this situation should not be interpreted as the complete exfoliation of
silicate layers. Loss of these sharp peaks should be due to the attenuation and absorption of
the reflections by the very high amount of elements in the flame retardants used (such as
aluminum in ATH, and zinc and boron in ZB) having high levels of absorption coefficients.

In order to support XRD results, NC loaded LDPE and LDPE/EVA specimens were also
investigated under TEM. Lower magnification images (Figures 15(a) and 16(a)) show that
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nanoclays were homogeneously distributed in both matrices. Medium and higher
magnification images (Figures 15(b, ¢) and 16(b, c)) revealed that NC silicate layers were
very well intercalated with certain level of exfoliation.

Intensity (a.u.)

Intensity (a.u.)

3.7 nm (a)
*
*
LDPE-NC
LDPE-ATH60-NC
LDPE-ATH50-ZB-NC
T ' : ' i '
4.5 nm (b)
*
*
LDPE/EVA-NC
3.9 nm
LDPE/EVA-ATH60-NC
w’mn LDPE/EVA-ATH50-ZB-NC
T ' ) ' A '

2 theta (deg.)

Figure 3.14 XRD patterns of nanocomposite specimens with (a) LDPE matrix and (b)
LDPE/EVA matrix. Asterisks (*) designate second and third order reflections.
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Figure 3.15 TEM images showing (a) uniform distribution, (b) and (c) intercalated and
partly exfoliated structure of NC silicate layers in LDPE matrix
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Figure 3.16 TEM images showing (a) uniform distribution, (b) and (c) intercalated and
partly exfoliated structure of NC silicate layers in LDPE/EVA matrix
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3.2.2 UL-94 and LOI Flammability Tests

Table 3.6 tabulating the results of UL-94 and LOI flammability tests of each compound and
nanocomposites show that both cable insulation matrices LDPE and LDPE/EVA fail from
UL-94 rating with low LOI values of 19 and 18 O,%, respectively. It is seen in Table 3.6
that, addition of 5 wt% NC alone into LDPE and LDPE/EVA matrices increased LOI values
by 2 and 4 O,%, respectively. Although, addition of nanoclays alone did not contribute to
the UL-94 rating of each matrix material, it was observed that NC loading decreased the
level of dripping and increased the amount of char formation during the test.

Table 3.6 Results of UL-94 and LOI flammability tests

Specimens UL-94 rating® LOI (0, %)°
LDPE Fail 19
LDPE-NC Fail 21
LDPE-ATHG65 V-0 30
LDPE-ATHG60-NC V-0 34
LDPE-ATH55-ZB V-0 30
LDPE-ATH50-ZB-NC V-0 33
LDPE/EVA Fail 18
LDPE/EVA-NC Fail 22
LDPE/EVA-ATHG65 V-0 31
LDPE/EVA-ATHG60-NC V-0 38
LDPE/EVA-ATH55-ZB V-0 32
LDPE/EVA-ATH50-ZB-NC V-0 34

®Materials flammability classifications for stringent vertical orientation; Fail (flame extinguishing
t>30 s), V-2 (flaming drips, material self-extinguishes at 10<t<30 s), V-1 (material self-extinguishes
at 10<t<30 s, without dripping), V-0 (material self-extinguishes at t<10 s)

®Oxygen level required for sustained flaming combustion.
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As expected, when the polymer matrices were loaded with 65 wt% traditional flame
retardant ATH, they both obtained V-0 rating of UL-94; and significant increases of LOI
values from 19 and 18 O,% up to 30 and 31 O,%, respectively. Table 3.6 indicates that,
when 5 wt% of ATH was replaced with NC, both matrices not only keep their UL-94 V-0
rating, but their LOI values further increased significantly up to 34 and 38 O,%, respectively.

It was shown in the previous Section 3.1 that use of ATH together with ZB lead to synergism
in many flammability properties of LDPE and LDPE/EVA matrices. Table 3.6 also shows
that, for both matrices, when 5 wt% of ATH-ZB system was replaced with NC, specimens
again keep their UL-94 rating of V-0 and increases LOI values further by 3 and 2 O,% for
LDPE and LDPE/EVA matrices, respectively.

It can be concluded that use of nanoclays with traditional ATH or ATH-ZB system keep UL-
94 rating of both matrix materials, and contributes their LOI values by further increases as
much as 7 O,%. Flame retardancy mechanisms of ATH and ZB were discussed in the
previous Section 3.1, here it can be added that contribution of NC was especially due to the
further physical barrier mechanism of intercalated silicate layers, which will be discussed
more in the following sections.

3.2.3 Mass Loss Cone Calorimetry

Flammability parameters determined by mass loss cone calorimeter (MLC) for all specimens
are listed in Table 3.7 while Figures 3.17 and 3.18 give their heat release rate (HRR) and
mass loss rate (MLR) curves. Note that these data were determined under an external heat
flux of 50 kW/m? which was 35 kW/m? in the previous Section 3.1.

It is seen that both cable insulation matrix materials have very high values of peak heat
release rate (PHRR) and total heat evolved (THE). When 5 wt% NC was introduced alone
into LDPE and LDPE/EVA matrices, their PHRR values were suppressed by 26% and 40%,
repectively. On the other hand, suppressions in THE values were only 2% for each matrix.
This can be interpreted that use of nanoclays alone would be not very satisfactory.

As expected, loading of 65 wt% traditional ATH into LDPE and LDPE/EVA matrices
decreased both PHRR and THE values drastically. For example, suppressions in PHRR
values were 90% and 91%, while in THE values 58% and 53%, for the LDPE and
LDPE/EVA matrices, respectively. When 5 wt% of ATH was replaced by NC, Table 3.7
shows that PHRR values were suppressed further by 23% in LDPE and by 20% in
LDPE/EVA, while further suppressions in THE values were 7% and 15%, respectively.

Table 3.7 reveals that further synergistic contribution of nanoclays in the values of PHRR
and THE were obtained when ATH was used together with ZB. In this formulation when 5
wit% ATH was replaced with NC, further decreases in PHRR and THE values were 29% and
17% respectively in LDPE matrix, while these decreases were 35% and 24% in LDPE/EVA
matrix.
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Figures 3.17 and 3.18 also show that HRR curves of ATH and ATH-ZB loaded specimens
have two distinct peaks. The first HRR peak indicates combustion prior to charring while the
part between first and second HRR peaks are attributed to gradual burning of the specimen
through the thickness after the formation of initial char layer. The second peak should be due
to the diminishing mass of fuel being subject to more rapid heating toward the end of
combustion. These multiple HRR peaks have been also reported in Section 3.1 and [16, 34].
Due to their similar flame retardancy mechanism (i.e. physical barrier formation), Figures
3.17 and 3.18 indicate that when nanoclays were used together with ATH and ATH-ZB,
HRR curves of these specimens have also double peaks.

Table 3.7 also reveals that incorporation of NC extended time to ignition (TTI) values
slightly in all specimens. Fire growth index (FGI) which is the ratio of PHRR/TTI can be
used to evaluate the contribution of a material to the flame spread. FGI values tabulated in
Table 3.7 indicate that, not only loading of NC alone suppresses fire propagation rate of both
matrices significantly, but replacement of 5 wt% of ATH or ATH-ZB with NC also
contribute lower FGI values.

The ratio of THE/TML (total heat evolved/total mass loss) and % Char Yield might give
information about the type of flame retardancy mechanisms of specimens. Table 3.7 reveals
that values of these two parameters for the specimens without NC and with NC are very
similar, i.e. basic flame retardancy mechanism of ATH, ZB, and NC are physical barrier in
the condensed phase. On the other hand, as discussed in the previous Section 3.1, ATH and
ZB liberate their chemically bonded water molecules during combustion and lead to the
dilution of combustible fuel. Thus, it can be stated that ATH and ZB might contribute
physical barrier mechanism also in the gas phase.

For both cable insulation materials, it can be simply summarized that contribution of
nanoclays alone or together with ATH and ATH-ZB especially takes place in the values of
PHRR and THE by further synergistic suppressions. These contributions should be due to
the intercalated silicate layers acting as a barrier during combustion which inhibits flow of
heat and flammable gases.
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Table 3.7 Mass Loss Cone Calorimeter parameters of the specimens (under 50 kW/m? heat flux)

Specimens PHRR THE TTI FGI THE/TML  Char Yield
(KW/m?) (MJI/m?) (s) (kW/m?s)  (MI/m’g) (%)
LDPE 1565 2075 45 34.8 59.4 -
LDPE-NC 1166 2032 54 20.7 57.1 2
LDPE-ATH65 163 864 60 2.7 24.1 36
LDPE-ATH60-NC 125 802 65 1.9 22.1 35
LDPE-ATHS55-ZB 148 976 58 2.6 25.6 38
LDPE-ATH50-ZB-NC 105 813 68 1.5 20.9 36
LDPE/EVA 1620 1969 42 38.6 57.5 -
LDPE/EVA-NC 975 1937 52 18.8 54.6 2
LDPE/EVA-ATHG65 154 934 58 2.7 237 37
LDPE/EVA-ATH60-NC 124 790 67 2.4 21.4 35
LDPE/EVA-ATH55-ZB 145 932 56 2.6 24.1 39
LDPE/EVA-ATH50-ZB-NC 94 713 79 1.2 18.4 37
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3.2.4 Thermogravimetric Analysis

Figures 3.19 and 3.20 show thermogravimetric (TG) and differential thermogravimetric
(DTG) curves of the specimens with LDPE and LDPE/EVA matrices, respectively, while
their thermal degradation parameters derived from these curves are tabulated in Table 3.8.

These curves show that neat LDPE matrix decomposes in one step while neat LDPE/EVA
blends in two steps, both having no residue formation. Their degradation mechanisms were
discussed in detail in Section 3.1 and [45]. It is seen that incorporation of 5 wt% nanoclays
alone into these matrices had no significant influences on the TG and DTG parameters. The
basic contribution of 5 wt% NC alone was the formation of 2.6 and 3.0 wt% residue,
respectively. It is known that, after evaporation of organic modifiers in the nanoclay
structure, the remaining silicate layers normally leads to formation of around 3 wt% residue.

Thermal degradation mechanisms of each matrix when loaded with ATH and ATH-ZB
system were also discussed in detail in the previous Section 3.1. Figures 3.19 and 3.20, and
Table 3.8 show that, replacement of 5 wt% ATH with NC also results in no significant
improvements in TG and DTG parameters, except a slight contribution in the residue
amount.
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Table 3.8 Thermal degradation parameters determined from TG and DTG curves

19

, Tore-peaki®  TDTG-Peak2 Tiowtoe Tsoutoe % Residue
S
pecimens (°C) Q) (°C) (°C) at 600°C*

LDPE - 480 451 477 0.2
LDPE-NC - 484 455 481 2.6
LDPE-ATHG65 329 480 324 484 38.4
LDPE-ATHG60-NC 329 441 321 447 41.9
LDPE-ATH55-ZB 322 475 320 481 43.4
LDPE-ATH50-ZB-NC 331 437 326 444 43.9
LDPE/EVA 357 478 431 473 0.3
LDPE/EVA-NC 339 484 420 477 3.0
LDPE/EVA-ATHG65 336 478 329 487 40.2
LDPE/EVA-ATH60-NC 337 443 330 457 43.2
LDPE/EVA-ATH55-ZB 335 478 330 489 45.5
LDPE/EVA-ATH50-ZB-NC 340 444 334 465 45.7

8 Tore-peak 1. First peak temperature in DTG curve.

P Tore-peac 2: Second peak temperature in DTG curve.

T1owwe: Thermal degradation temperature for 10% mass loss.
4T o owoe: Thermal degradation temperature for 50% mass loss.
®% Residue at 600°C: % Char yield at 600 °C.
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3.2.5 Residue Analysis

In the previous Section 3.1 it was not possible to investigate surface char layers of LOI
specimens under SEM due to their very loose and weak structure. However, incorporation
of nanoclays into each matrix caused microscopic examination of LOI char layers with
SEM as shown in Figure 3.21 for the specimens with LDPE matrix. Since there were no
significant differences, images for LDPE/EV A matrices were not shown.

Low magnification smooth surface image in Figure 3.21(a) indicates that when 5 wt%
NC was used alone, there was almost no carbonaceous char layer formation. On the other
hand, when 5 wt% NC was used together with ATH and ATH-ZB system, high
magnification images in Figure 3.21(b) and (c) show that rather a continuous surface char
barrier could be formed protecting the underlying polymer from heat and flammable gas
transfer.

The second step of the residue analysis was performed with the macro-scale visual
examination of the surface char layers of all MLC specimens just after the test. Since
there were no significant differences between LDPE and LDPE/EVA specimens, surface
char layer images of only LDPE specimens are given in Figure 3.22.

Figure 3.22(a) and (b) reveal that incorporation of nanoclays alone into neat matrices lead
to only increased char content. When NC was used together with ATH (Figure 3.22(c, d))
and ATH-ZB system (Figure 3.22(e, f)), it was seen that there was no significant
differences in the top view macro scale appearances of the surface char layers of MLC
specimens.

However, it is known that addition of nanoclays result in strong, tough and tight
carbonaceous structure through the char layer thickness due to basically the stacks of
well-dispersed clay silicate layers, which shield the underlying polymer by restricting
heat and mass transfer. Besides, the tortuous pathway formed by nano-dispersed high-
aspect-ratio silicate layers could hinder the diffusion of volatiles within the melt during
fire. These two contributions of nanoclays, i.e. strong and tough carbonaceous char
formation and hindered diffusion are simply named as “barrier effects”.

As the third step, residue analysis was conducted by XRD of MLC chars of all specimens
in order to reveal whether there is any other ceramic structure formed apart from the
expected ones. XRD diffractograms are given in Figures 3.23 and 3.24 for the specimens
with LDPE and LDPE/EVA matrices, respectively.

Figures 3.23 and 3.24 show that when NC was used alone, typical crystal peaks of
montmorillonite clay mineral were appeared. When NC was used together with ATH,
then typical peaks of alumina which is the main byproduct of its decomposition were also
appeared. Similarly, when NC was used together with ATH-ZB system, then two more
peaks corresponding to decomposition byproducts of ZB; i.e. dehydrated zinc borate and
zinc oxide, were also formed.
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Thus, it can be stated that, apart from the expected decomposition byproducts, no other
phases were formed in the chars of MLC specimens. This could be interpreted as another
confirmation of the physical barrier mechanism of ATH, ZB and NC.

Figure 3.21 SEM images showing surface char barriers of the specimens with LDPE
matrix after LOI test; (a) LDPE-NC, (b) LDPE-ATH60-NC, (c) LDPE-ATH50-ZB-NC
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Figure 3.22 Macroscale appearances of the surface char layers of MLC specimens with
LDPE matrix; (a) LDPE, (b) LDPE-NC, (c) LDPE-ATH®65, (d) LDPE-ATH60-NC, (e)
LDPE-ATH55-ZB, (f) LDPE-ATH50-ZB-NC
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Figure 3.23 XRD patterns of the chars of the MLC nanocomposite specimens with LDPE
matrix

X Montmorillonite

* Aluminum oxide: Al,O3(Card no: 04-0880)

+ Dehydrated zinc borate: Zn(BO,), (Card no: 39-1126)
e Zinc oxide: ZnO, (Card no: 13-0311)
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Figure 3.24 XRD patterns of the chars of the MLC nanocomposite specimens with
LDPE/EVA matrix
X Montmorillonite
* Aluminum oxide: Al,Os(Card no: 04-0880)
+ Dehydrated zinc borate: Zn(BO,), (Card no: 39-1126)
® Zinc oxide: ZnO, (Card no: 13-0311)
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3.2.6 Mechanical Behavior

Effects of nanoclays (NC) alone and together with ATH and ATH-ZB flame retardants on
the mechanical performance of cable insulation materials LDPE and LDPE/EVA were
investigated by tensile tests. Figures 3.25 and 3.26 show tensile stress-strain behavior of
the specimens for each matrix, while mechanical properties determined for all specimens
are tabulated in Table 3.9.

These figures and Table 3.9 show that due to the decreased chain mobility of the polymer
matrices, use of ATH and ATH-ZB flame retardants increases both Young’s modulus and
tensile strength of cable insulation materials as much as by 500% and 20%, respectively.
On the other hand, ductility values (i.e. % elongation at break) of both matrices drop
drastically due to the extreme stiffening effect of the required very large quantity of these
flame retardants.

Figures 3.25 and 3.26, and Table 3.9 also indicate that when NC was incorporated alone
or together with ATH and ATH-ZB flame retardants, there were further increases in
Young’s modulus values, but slight decreases in tensile strength and % elongation at
break values. However, these slight decreases were traded-off with the improvements in
many flammability parameters.

In order to observe distribution of additives, fracture surfaces of the tensile test specimens
were also examined under SEM. Fractographs of LDPE and LDPE/EVA specimens are
given in Figures 3.27 and 3.28, respectively.

Figures 3.27(a) and 3.28(a) revealed rather rough and ductile fracture surface of neat
LDPE. Due to its nanosize, distribution of NC alone could not be observed (Figures
3.27(b) and 3.28(b)). Figures 3.27(c, e) and 3.28(c, e) show that ATH and ATH-ZB
particles were uniformly distributed with certain level of interfacial bonding with the
matrix. Incorporation of NC together with ATH and ATH-ZB had no detrimental effect
on the distribution of these particles, as indicated in Figures 3.27(d, f) and 3.28(d, f).
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Figure 3.25 Tensile stress-strain curves of the specimens with LDPE matrix
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Figure 3.26 Tensile stress-strain curves of the specimens with LDPE/EVA matrix
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Table 3.9 Mechanical properties of the specimens

Young’s Tensile 0 .

Specimens Modulus Strength & aEtIE?S:IiIon
(GPa) (MPa)

LDPE 0.19+0.01 11.1£0.3 46+3
LDPE-NC 0.30+0.01 10.8+0.3 35+2
LDPE-ATHG65 0.93+0.01 13.6+0.4 9+1
LDPE-ATHG60-NC 1.13+0.00 12.0+0.2 5+1
LDPE-ATH55-ZB 0.80+0.07 13.4+0.2 8+l
LDPE-ATH50-ZB-NC 1.21+0.02 12.2+0.4 5+1
LDPE/EVA 0.13+0.01 7.8+0.3 109+28
LDPE/EVA-NC 0.18+0.01 7.8+0.1 81+l
LDPE/EVA-ATH65 0.53+0.02 9.5+0.3 10+1
LDPE/EVA-ATHG60-NC 0.75+0.02 9.4+0.1 9+0
LDPE/EVA-ATH55-ZB 0.55+0.03 9.3+0.3 9+1
LDPE/EVA-ATH50-ZB-NC 0.73+0.03 9.2+0.1 9+0
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Figure 3.27 SEM fractographs of the specimens with LDPE matrix; (a) LDPE, (b)
LDPE-NC, (c) LDPE-ATH®65, (d) LDPE-ATH60-NC, (e) LDPE-ATH55-ZB, (f) LDPE-
ATH50-ZB-NC
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Figure 3.28 SEM fractographs of the specimens with LDPE matrix; (a) LDPE/EVA, (b)
LDPE/EVA-NC, (c) LDPE/EVA-ATHS65, (d) LDPE/EVA-ATHG60-NC, (e) LDPE/EVA-
ATH55-ZB, (f) LDPE/EVA-ATH50-ZB-NC
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CHAPTER 4

CONCLUSIONS

The main conclusions drawn from the two basic parts of this thesis can be summarized as

follows:

(i)

Synergistic Effects of Three Boron Compounds with ATH in LDPE
and LDPE/EVA Matrices

UL-94 vertical burning tests indicated that in both matrix materials, replacement
of certain amount of ATH with 10, 20 and 30 wt% boron compounds ZB, BO,
BA keep the best rating of V-0. In terms of LOI values, replacements especially
with 10 wt% boron compounds resulted in synergistic effects.

In each matrix materials, replacement of certain amount of ATH with boron
compounds resulted in similar mass loss cone calorimeter (MLC) behaviour with
similar flame retardancy mechanism of physical barrier formation both in the
condensed and gas phases. Synergisms in the parameters of PHRR, TTI, FGI and
% Char Yield were obtained with the replacements of especially 10 wt% ZB, BO
and BA.

Thermogravimetric analysis revealed that replacement of certain amount of ATH
with boron compounds had no significant influences on the values of DTG peak
temperatures and 10 wt% and 50 wt% thermal degradation temperatures. On the
other hand, there were synergistic increases in the percent residue formation for
each matrix.

Macro-scale visual examination of MLC chars showed that using only ATH
resulted in continuous char layer while addition of boron compounds caused
formation of not only several cracks but also certain levels of intumescence.
Thus, intumescence character of the char layers resulted in synergism in the
physical barrier mechanism.

XRD diffractograms of MLC chars indicated that, apart from the expected

decomposition products, no other phases were formed, which could confirm the
physical barrier mechanism of ATH and boron compounds.
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(ii)

Tensile tests revealed that replacement of certain amounts of ATH with boron
compounds resulted in similar mechanical behaviour in each matrix, i.e. similar
increases in modulus and strength and similar decreases in ductility values.

Contribution of Nanoclays with ATH and Zinc Borate in LDPE and
LDPE/EVA Matrices

XRD and TEM analyses revealed that nanoclays can be homogeneously
distributed in both matrices, where silicate layers were mainly intercalated with
certain level of exfoliation.

Use of nanoclays with traditional ATH or ATH-ZB system keep UL-94 rating of
both matrix materials, and contributes their LOI values by further increases as
much as 7 O,%.

Mass loss cone calorimetry analyses indicated that for both matrix materials, use
of nanoclays alone could improve many flammability parameters including
PHRR, THE, TTI, FGI, etc.

Contribution of nanoclays were much more significant when 5 wt% ATH or
ATH-ZB flame retardants were replaced with NC. For example, contribution of
NC in the further suppression of PHRR and THE values could be as much as
35% and 24%, respectively.

Residue analyses clarified that contribution of nanoclays to the flame retardancy
mechanisms of ATH and ZB was basically via formation of strong and tough
char structure by the stacks of well-dispersed and intercalated/exfoliated silicate
layers, which protect the underlying polymer by preventing heat and mass
transfer.

Thermogravimetric analyses and tensile tests also indicated that use of nanoclays

had no detrimental effects on the thermal and mechanical properties of the
specimens with each matrix materials.
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