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INTRODUCTION

Sincethe second half of the 20th century, plashiasebecane oneof the most

universallyused and multipurposeaterials in the global economy. Todalastics are
utilized in more and more applicatiomsd they have become essential to our modern

economy (Fig. 1).

P

Packaging e
Automotive Agriculture  Others: include sectors such

as consumer and household
appliances, furniture,
sport, health and safety

Building & Construction Electrical &
Electronics

Figure 1. European plastics demand in 2012

Polypropylene (PP)s one of the mst commonly used thermoplastics. Has been
widely used in many application sectarsluding packaging, automotivamponents
furniture, electronics etcMain reasons of suclsuccessare the good mechanical
propertiesthe easyprocessabilityand, last but not least, thmelatively low price.The
continuous improvementsf synthetic routese.g. the use of better catalysts, have
expandedthe market of PPAdditional benefits lave been achieveth terms of
transparency and impact resistance at temperatures through copolymerization with
ethylene

However, thealiphatic struture makes PP highly flammablemiting the range of
applicationsConsequently gpat efforts have beespent to overcome this dvhack by
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using flame retardant agents. Among these latteg, flameretardant properties &P,
Halogencontaining flame re¢ardants are the most effectivit their use hadveen
stronglylimited due to safety considerations and environmergaternsin fact, they

may release toxic and corrosive moleculdtetal hydroxides, such as aluminum
hydroxide ad magnesium hydroxide, are another kindflafme retardant additives in
polyolefines. Howevertheir yield of action is significantly lower tharbromine
containing additivesTaking into account that, to achieve an adequate flame retardant
effect, the content of these additives is usually higher than 30 w&oresult is a
considerablevorseningof mechanicaland rheologicaproperties The most effective
way to improvethe fire retardancy of PP is addiran intumescentflame retardant
(IFR), thanks tothe very low smoke and togi gases production arahtidripping
property This kind of substancenvolves three components: an acid source, a
carbonization gent (or char forming agent) and a blowing agent. Among these flame
retardants, ammonium polyphosphate (APP)/pentaerythritol (PER)/melamine (MEL)
systems are widely studie@ihe flame retardancgrocess of IFRoccurs according the

following steps:

X the carbonization agent dehydrates to form melted char precursor under the
catalysis otheacid substance

x the blowing agent, because of the high temperature, relesstggases and
expand the melted char precursto create a swollen char layer. Thisollen
char layer can provida barriereffect which avoidsthe direct contadbetween
the polymer and the surrounding environment. The result is a reduced or
cancelled tansferof oxygen and hedietween the flame zone and the underlying
material

Howe\er, traditional IFR have some drawbacks, such as aquistandingefficiency,

pretty low thermabktability and water resistancéo overcome these problems, a lot of
research work has been dofker example,te addition of'synergistic agents” may
enhare the efficiencyof the flame retardantslhe most common ones are zeolites
[1,2], organoboron siloxane [3,4], and some transitional metal oxides and metal
compounds §-7]. Many researchers hawhown that synergistic agents magrease

the strength anstability ofchar layes.



In recent years it has been showattpristine or organically modified sepiolitbave
synergistic flameetardant effects witin polypropylene based compouri@s9.

This reseait work is focused on reduciftammability of PP by the use of different
kinds of intumescent flame retardantcoupled with sepiolite, either pristine or
organically modified. The aim was to find the best compromise between flame
retardancy and filler conteritloreover,a great importance was given tetstudy of the
rheological and mechanical properties of the obtained formulaflfdres flammability
and thermal stability of all theompositeswere examined by thermogravimetric
analysis (TGA)andsmall flanetess (UL-94, LOI). The fire properties wergtudied by
using forcedflaming conditions (coe calorimeter)Mechanical, dynamimechanical
and rheological properties were also determiasda function of the filler content.
Finally, SEM analysis was carried out telate detected performances fof tie
investigated materials with tleetualdispersion of included fillers.



CHAPTER1: FLAME RETARDANCY AND
FIRE TEST

1.1. Flame retardancy of polymers

The thermal decompositiaf a polymer $ an endothermievent which requires an
input of energy. The energy provided must be higher than the birshaegyy between
the linked atoms (200 to 400 kJ/mol for mostCQpolymerg. The acomposition
mechanism depends theweakest bonds antié¢ presence or absence of oxygen in the
solid and gaghasesit is possible tadistinguishbetween notoxidizing and oxidizing
thermal degradation[10]. Non-oxidizing thermal degradation is initiated by chain

scissions under the effect of temgterre (pyrolysis) and mayccur in two ways:

x formation of freeradicals, which can start a chain reaction
X migration of hydrogen atoms aridrmation of two molecule®ne of which has

a reative double bond

In oxidizing conditions, the polymer reacts with oxygen in éfireand generateseveral
products: carboxyliacids, alcohols, ketones, etc. This degradation also releases very
reactive specieH tand OHYJ particularly in polyolefines. Thpropagation rate of the
decompositionprocess is controlled by the wrenchimgction of hydrogen atoms from

the polymerchains. The oxidation stabilityf the polymer thus depends on theHC
bond energy.

The flammability of a material is not an intrinsic property, like its density or heat
capacity, but is dependent on the fire conditiofise fire triangleshown inFig. 2
useful to demonstrate the dependence of the matpr@berties with heat and
ventilation, shows where flame retardants can interfere in the combustion process
Generally, fire growth is more favorable if the heat flux or oxygen suipghgases.
However, excessive ventilation may remove heat from the fire, while additional heat

may also lead to melting or char formation, followed by a reduced fire growth.
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Figure 3. Different stages of combustion process.

A fire may be split into three phasegnition, fully developed fire andecreasing fire

(Fig. 3). During the ignition phaséFig. 4), the increase in temperature may reach a
value high enough to break the chemical bonds and produce volatile fragments. Once a
sufficient concentration is reached, these fragments can leadstable flame. Té

ignition may alsdoe dwe to an external source (engatch or cigarette)
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Figure 4. Ignition process

The heattransfer processes are critical to the ignition andk@leavior. Once ignited,
the fire initially grovs by a process dlame spread:he surfacesext tothe flame zone
decompose to form moflammable products, sitame spread ibasicallya process of
repeated ignitions

)
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Figure 5. Horizontal flamespread

Horizontal flame sprea(Fig. 5) is slow because the material nélae flame is heated by
gasphase conductioanddownwardradiation. Upward flame spreadfaster because

radiative, convective and some conductivet fiasfer occur (Fig. 6).
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Figure 6. Vertical flame spread

Conductive and convective transfers are very important in the ignition phase, when the
height of the flame is limited to few centimeters. In a more advanced phase, flame
propagation on the surface contributes t@a@id increase in radiative transf@he fire
spreads, heats up tlsairroundings andpnce the materials in the room have formed
enough flammable gases and are sufficiently hot, flashover takes place and the whole
room is engulfed in the fire. This is thetart of the fully developed firewhere
temperatures up to 1200°C mée reached. Time the fire decrease becausethe
available fire load is consumedttere is an oxyen deficiency.

Flame retardantgFig. 7) can inhibit or even suppress the combustiacess by
chemical and/or physical act®nll,13. They interfere with combustion during a
particular sage of this process, e.geating, decomposition, ignition or flame spread.
The amount of flame retardant required depends on the material ashesitesl level of

fire safey: it mayrange from Iup to 50wt% but uslly the typical range is-20 wt%.

The chemical action is usually more effective than the physicahoadakes place in

several ways:

X reaction in the gas phasethe radical reactits of the flame can be interrupted
by a flame retardant, so the system cools down. However, this interferes with the
flame reactions and results in toxic and irritant products, including CO, which
generally incease the toxicity of the fire

X reaction in thesolid phase the flame retardants work by breaking down the
polymer chains so the melt materfldws away from the flame. The drawback

is the production of flammable drops, nobaling a good fire safety level
9



x char formation: high temperature leads toayer of carbonaais char on the
polymer surface, that, among othezduces the formation of smoke and other
products of incomplete combustion

X intumescence the incorporation of blowing agents causes swelling behind the

surface layer and provides betitesulaton under the protective barrier.

The physical action may take place by three different mechanisms:

X cooling: absorption oknergy triggered by additives and/or the chemical release
of water cools the substrate to a temperature below that redoirsedstaining
the combustion process

x formation of a protective layer. prevening heat and oxygen exchange between
the material and thesht source

x dilution: inert substances and additives dilute the fmehe solid and gaseous
phases

ACTION IN THE GASPHASE

Thermal feedback

Oxygen
v v
L : A ‘ ) : Heaat
Heat Interruption of radical chain mechanism; Combustion products

Br, CI.P Smoke

Combustible gases i

Dilution by water formation:
ATH, MOH Carbonaceous layer by

P N, B, intumescence,
nanocamposites

.- T
_- Decomposition area

Coaling (endathermic) and substrate dilution: ATH, MOH

ACTION IN THE CONDEMSED PHASE

Figure 7. Action of flame retardants.
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1.2. Role of fire tests

Fire tests are used to determine the fire risk of materials and products used in
applications like building, electrical equipment and furnituféis kind of test is
developed to simulate thegnition behavior of materialsraeal fire eventsTo simulate
the effects of fire, the test conditions should be related to the appropriate scenario:

X ignition: the obtainment ofepeatable results from spontaneous ignition is
difficult but it is the only way t@ssesshe onset of flaming combustion

X developing fire: the fire growth involves an external heat flux of around&D
kW m? which requires larger specimens, temperatures above the ignition
temperature (40600°C) and adequatentilation

x fully developed fire: it involves high external heat fluxes (450 kwWP), large
sample sizes, high temperatures and low ventilation. These conditions are not
easy to replicate on a small scale and materials which haveerform
adequatelyeed to be testathder thesextreme conditions

The products have to satisfy fire safety requirements defined in the tests. The sample
size can vary from a small piece of material (e.g. 127x13x3 fomthe UL-94 test) up

to boards of 1%6L.5 nf (SBI-test), individual furniture items or even complete
furnished roomsAnalysis of fire statistics shows that most fire deaths are caused by
inhalation oftoxic gases[13]. Burning behavior and toxic produstyields mainly
dependon material compositiontempeature and oxygen concentratiorhe formation

of carbon monoxideoften considered the most toxicologically significant fire gas, is
favored by some conditions, e.g. smoulderingully developed flaminglncomplete
combustion phenomena give rteeCO production for many reasons as

X insufficient heat in the gas phase

X quenching of the flame reactions

X presence of stable moleculeghich survive long timen the flame zonegive
high CO yield in wellventilated conditionshut low yields in undetventilated

[14] andinsufficient oxygerconditions.
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The high yieldof CO from underventilated fires areesponsible for most of the dba

through inhalation of smokeAnother toxic species ithe hydrogen cyanide (HCN)

which can inhibit breathing andrevent escape. Data from larggalefires [15,14
showvery highlevels of CO and HCN under conditions of reduced ventilafAother
dangerous aspect is related to the possible presence of molecules such as dioxins and
polycyclic aromatic hydrocarbons. Although they don’t cause an immediate danger,
they may induce long-term damage to uman health andenvironment. However,
compaed to the toxic potential of CO, all the other fire gas components play a minor
role.
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CHAPTER 2 FLAME RETARDANTS

2.1. Flame retardants

The worldwide consumption of flame retardants amounts to ardumdlion
tons a year The use of flame retardast has grown substantially ipast years,
particularly in electronics, and will continue to grow at a global rateYaf e ever
morewidespread seof plastics accounts for approximately 85% of all flame retardants
used with textiles ahrubber products accounting for most of the rest.

11.3
14.6% 8

8.4%

% of Total Volume

. Organo- ) Antimony- Aluminum
B Grominated phosphorus Chlorinated [l . ide | hydroxide B Other

Figure 8. Worldwide consumption of flame retardants

Asia-Pacific is the largest sales market for flame retardants and China accounts for 24%
of global demand. North America continues to be the second largest market, followed
by Western EuropeThe most important application area for flame retardants is the
construction sector. Aonsiderableamount of flammable materials ised in thermal
insulation and improvement of energy efficiency of residential buildings. Pipes and
cables made of plastics ab®th used in the construction of new buildings and the
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refurbishment of old ones, and are increasingly replacing conventionalgisagiich as
pipes made of metal.he transportation industry €hicles and aerospacasorequires
high-performance flame retardantin the future, electrics and electronics will ibee
largest growth marketn particular, mnufacturer®f smartphones and tablet computers
will raise demand for flame retardarandput a rising valueon the environmental
impact of these substances.

There are several kis@f flame retardants, which have different chemical structure:

x minerals (based on aluminum and magnesium hydroxides)
X halogens (bromine and chlorine)

x P and N basedubstances

X intumescent systems

x others (sodium borate, 8Ds;, nanocomposites etc.)

2.1.1. Mineral flame retardants

Inorganic filless can influence thére properties of polymers

x reducingthe content of combustible products
x modifying the thermal conductibility of the material and its thermal properties

X changingthe viscosity of the mailting material

Some minerals are more specifically used as flame retardants thanks to their behavior at
high temperature. Aluminum trinydroxid&TH ) is by far the most widely used flame
retardant on a tonnage basis. It is cheap but requiresolaidimgs in polymers up to 60

wt% [17,18. The flame retardant mechanism is based on the release of water which
cools and dilutes the gases feeding flam@ssorption of heat and formation of a
protective layer on the surfaddagnesium hydroxideMDH ) acts asATH andis used

in polymers which have higher processing temperatures, because it is stable up to
temperatures of around 300°C (ATH decomposes at 200 °C).
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200°C
2 Al(OH),

Al.LO.+3H.O
+1050 kJ/Kg 2-3 2

300°C

Mg(OH), MgO + H,O

+1300 kJ/Kg

ATH and MDH powders are usednmelt compounding and extrusion of thermoplastics
like PVC or polyolefines

Recently MDH and ATHanoparticles have beeonnsidered as flame retardanthey

may beobtainedby several methodsolgel technique followed by a hypercritical
drying procedure [2], a hydrothermal reaction using various precursors sakents

[20] or by precipitation of magnesium salts with an alkaline solyttih The use of
nanometric MDH can enable interesting fire performances at loweandpkeyels. It has

been shown [22 that the LOlobtained with EVA containing//DH 50 wt% increases

from 24% to 386 whenthe additive is nanometri@he enhancementas attributed to

the excellentdispersion ofthe nanoparticles, whichddsto the formation of more
compact an@ohesive char during the combustion test.

Boratesare another family of inorganic flame retardants. Among them, zinc borate is
the most used and is suitable for PVC and other plastics like polyolefines, elastomers
and polyamides. Their endothermic decomposibetween 290 and 450°C releases
water, boric acid and B3, that leads téhe formation of a protective vitreous layer. In

the case of polymers containing oxygen atoms, the presence of boric acid causes
dehydrationjeading to the formation of a carbned layer. This layer pventsthe heat

and oxygen exchange between polymer and surrounding.

2.1.2. Halogenated compounds

The efficiency of halogenated flame retardants depends on thediypalogen.
Fluorine and iodindased compounds are not usettausehey do not interfere with
the polymer combustion process. Fluorinatethpounds are more thermally stable than
most polymers and do noglease halogen radicalsthe decomposibn temperaturgof
the polymers[23]. lodinatedcompounds arkess hermally stable than most commercial
polymers and therefore releabalogenated species during polymer processiingt

explains why only brominated and chlorinated substances are used as flame retardants.
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There are more than Sbmmercialbrominated flara retardantsBRFs). The only
commoncharacteristias thatthey contain bromine and act in thasphase by a radical

trap mechanism, inhibiting the formation of flammable gases.

Br Br Br Br Br Br
I
Br (0] Br HO cl: OH
CHg
Br Br Br Br Br Br
a b

Figure 9. DeceBDE (a) and TBBPA (b

Decabromodiphenylether (De&DE, Fig. 9) is a universally used flame retardant for
plastics and textiles. It ha®t 10 bromine atombondedto the diphenylether molecule
and possessekigh molecular weight and grelitermal stability. I1ts major applidgans

are in polyolefines polyesters, nylons and textiles. However, in Europe its use is
partially banned and in US thgroduction will be stopped soometrabromobisphenol

A (TBBPA) is mainly used in epoxy resins for printed wiring boards.

Br Br
Br Br

Br Br
Figure 10.Chemical structure {HBCDD.

Hexabromocyclododecane (HBCDDBig. 10 is a cycloaliphatic BFR. It is commonly
used in foamed polystyrene for insulation of buildings

With regard to the mechanism, the halogenagostancesan producehalides by
thermal degradation in the condensed phase tne gas phaseThesemolecules an

interruptthe processf combustionjndeedthey can neutralize Hand OHWadicals and
16



inhibit the radicalchainmechanisnthat takes place in the flam®xygenis consimed
by reaction with HJthis reaction has a very important effect on the kinetics of

combustion.

H30, ——» OHUO

The reaction between CO and @K instead strongly exothermic and supplies a large

amount of heat.

CO+OHU ——» CO,+HU

At first, the flame retardant breaks up and produces halogen and aliphatic radicals.
Then, the halogen radicals react to form hydrogen halide, which ingevigte the
radical chain mechanism. The high energéaHd OHWadicals are removed by reaction
with HX and replaced with low energy Xadicals.The hydrogen halide is regenerated

by reaction with hydrocarbon, thus HX acts a catalyst.

RX —» RUXU

XFRH—» H-X+RU

H-X+HB————> H,+ XU

H-X + OHU———» H,O + XU

Since halogenated flame retardants are regenerative, much lower loadings (about 10
wt%) are required compared to ATH or MDH (typically ®@%). Brominated flame
retardants are more effective than thosatainingchlorine because of a narraange

of vaporizationtemperaturgleading to higher concentration of the flame retardant in

the flame zone. Synergistic agents, such as antimony oxidekgerf increase the
effectiveness of both brominated and chlorinated flame retardants by enabling the
halogen to stay in thigame zone for longer periods.

Use of halogenated compounds has given rise to some concern: a lot of attention has
been focused on the corrosiveness and toxicity of smoke generated during the

17



combustion of plastics utilizing these materials. contrast to thehazardous
halogenated flamretardantdyIDH and ATHare much less problematigdditiondly,

as landfill space declinesr become unpopular, incineration and recycling of used
plastics will become more widespread. Plastics formulated with halogenated flame
retardantsreateproblams for incinerators in design, operation and maintenance, as well

as a danger to public health from the incineration product gases

2.1.3. Phosphorus -based flame retardants

The class ofphosphorusontaining flame retardants covers a wide range of
inorganc andorganic compoundslThey have a broad applicatidield and good fire
safety performance. The most important phosphoomsaining flame retardants are the

following:

x red phosphorg
X ammonium polyphosphat&pPP),
X phosphate esterphosphonates amqhosphinates

Phosphorousontaining FRs mainly act in the solid phase of the polymer. They are
very effective in materials containing a high amounbxygen[24,25. By thermal
degradation, the FR decomposes to phosphoric acid which esterifies awtsaxater
from the polymeric matrix. This leads to the formation of char, a complex network of
carbon and phosphorous oxid&pecific phosphorusontaining flame retardants such
as metal phosphinates may also act in the gas phase by the formatigiPOfBnd
PO, Uradicals interrupting the radical chain mechanism of the combustion process.
Phosphorousontaining FRs have very good performances and don't release toxic
smoke,however their weaknessase the high cost and the potential corrosiveness of
the combustion products.
Flame retardants based on red phosphorus are mainly used in polyamide 6 and 66: they
can meet UL94 V-0 level at low dosages and are particularly effective insgiiger
reinforcedformulations[26]. However, red phosphorus hadig disadvantage: inay
release highly toxic phosphine (BHhrough reaction with moisture.
Ammonium polyphosphate (APP) is an inorganic dativedfrom polyphosphoric acid
andammonia and characterized by variatiain length: Bort chain APPs (n<Q0) are

18



more water sensitivand less thermally stable than longer chain APPs (n>1008).

well known that the incorporation of APP in polymers containing O and N (polyesters,
polyamides, polyurethanedg¢ads tocharring, so it is very effective even &tw
concentratiorf27-29]. Moreover, APP is used in intumescent coatings for polyolefines.
Phosphate estesse used as flame retardants in PVC, engineering plastics (particularly
in polyphenylene oxide/high impact polystyrene (PPO/HIPS), PC/ABS bj80g31.
Phosphonates and phosphinai€sg. 11) are usedas flame retardants in flexible

polyurethane foams for automnge and building applicationS8g].

o o) o) - -
I Il I o)
R,—0—P—0—R, R;—P—0—R, R;—P—R, I
l | HO+—P—0~1-H
o 0 o |
l l | ONH,

Figure 11.Phosphate este(a), phosphonates (b), phosphinates (c) and ARP (d)

2.1.4. Nitrogen -based flame retardants

There are three kinds aftrogenbased~Rs

X pure melaming
X melamine derivativessélts with organic or inganic acids such as boric acid
andphosphoricacid), and

X melamine homologue

This kind of moleculesct by several mechanisma:the condensed phase, melamine is
transformed into crodmked structures which promote char formation. Ammasia
released in these reactions.the gas phase the eake of molecular nitrogetilutes the

volatile polymer deompositiornproducts [3R
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Figure 1z. Melamine

Melamine(Fig. 12)is mostlyused in polyurethane foams, whereas melamine cyanurate
is used in nylons or in polypropylene intumescent formulatiansonjunction with
ammonium polyphosphateThe drawbacks are related to the high concentration
necessary to obtain good fire performance and the mechanism, not fully understood yet.

2.1.5. Intumescent systems

Intumescenflame retardant systems expandtoduce foams. They are used as
coatingsto protect combustible materials such as wanod plastics, but also stdwsed
structures in buildings.

The intumescent effect is achieved by combining an acid source like ammonium
polyphosphat€APP), a source of carbon which releases-nombustible gses, an@
blowing agent.At high temperatures, APP decomposes releasaid speciesthat
catalyze the dehydration reaction of the carbonizing agent, leading to the formation of a
carbonaceous layer. The acid has to be liberated at a temperature below th
decomposition temperature of the carbonizing agent and its dehydration shouldtoccur
the decomposition temperature of the polymer. Tabonizing gent is generally a
carbohydrate that produces char during thermal decomposition. Its effectiveness is
related to the number of carbon atoms and reactive hydroxyl Bitesamount of char
produced during thermal decomposition is highly dependent on the number of carbon
atoms, whereas the number of reactive hydroxyl sites determines the rate of the
dehydratdon reaction and thus the rate of formation of the carbonized struGtuee.
blowing agent, usually a melamine derivative, releases water and nitvbgencreate
afoam that expand® form aninsulating char barrigfFig. 13)
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Figure 13.Protectionmechanism of intumescent.

2.1.6. Silicon -based flame retardants

Adding low amounts of silicobbased compounds (silicones, silica
organosilanes, silsesquioxanes and silicates) to polymers can substantially improve their
flame retardancy34]. They maybe used as fillers incorporated in the polymer or as
copolymersSilicones have excellent thermal stability and release very low amounts of
toxic gases during thermal decompositidhey are usually used in R@olycarbonate)
based compoundsecause of theeaction mechanism: Zhou suggested that the hydroxyl
groups present in PC degradation products could react with the alibon bond
yielding a cross linked structuesd acondensed aromatic structure [35
Silica gel can enhance the flammalilgroperties of polypropylene [B6Calorimeter
tests revealed significant reduction of thelRR (heat release ratej PP containind.0
wt% poroussilica. Authors explaiad this effectby the possibility offered byarger
pores to accommodate macromolect® chains or by the increasemolten viscosity
during pyrolysis, which can trap or slow down volatilizatexmd thedevelopmenif

degradation products.

2.1.7. Nanometric particles

Nanometricfillers, if well dispersed in polymer matricesan enhancethermal,
mechanical or fire resistang@opertieseven at low amounts.hE large increase of
interfacial area between the polymer and the nandfikethe key factor to explain the
exceptional properties of the nanocomposit®gh regard toflame retadancy it may
vary and strictly depends on tbheemical structure and geometifhere are three kinds

of largely used nanofillers:
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X layered materials such as anoclays (e.g., montmorillonjecharacterized by
one nanometric dimension

x fibrous materials, such as carbon nanotubes and sepiolite, characterized by
elongated structures with two nanometric dimensions

X particulate materials, e.g.polyhedral oligosilsesquioxane (POSS) and spherical

silica nanoparticles, characterizeglthree nanometric dimensions

Nanoclays can work as flame retardardwing to the formation of char and
reassembling of the silicate lagemwhichgenerates a ceramstructureat the material
surface.Moreover they can increase melt viscosifyhosting polymeric materials by
exfoliating. These mechanisms modify the fire properties of the polymer
nanocompositesometimes improving them and in some other cases worsening them
For example thencorporation of nanoclays generally retards andedesas the peak
heatrelease rate, but does not reduce the total heat involVexdchar formed at the
surface of the burning sample duribg-94 and LOI testsisuallyis not enough to stop
the flame and the sample continues to lowvly. In order tofavor the dispersion of
the nanoclays within the polymer, a modification of natural clays using organic cations
is often carried out, leading to the forneatiof organomodified nanoclay37,39.
Carbon nanotubes possessexceptional properties that malge usd in many
applications ranging from macroscopic materiainposites to nanodeviceshdnks to
their high aspect ratio, CNTs percolate to form a network in the polymer matrix and
lead to substantial enhancement of mechariggl, rheological[40-42] and flame
retardan{43-45] propertiesWith regard to the fire properties, it has been observed that
the incorporatiorof very small amounts of CNT@rom 0.5 to 4 W) canlead to a
marked decrease bfRR. Based on some observations, the flame retaptaperties of
these nanocomposites are governed by two physical processes: the structured layer acts
as a shield and vemits part of the incident radiation back into the gas phase, decreasing
the polymer degradation rate. On the other hand, the carbatubas increase the
thermal conductivity of the polymer so the PHRR (peak heat release rate) isuritse
the CNTs content. It means that a balance between thermal conductivity and shielding
effects must be obtained.
Sepiolite is a hydrated magnesiumlisate with formula Si2030Mgs(OH)4(H20)s-
8H,0. Unlike other clays, iis not a layered phyllosilicatdts peculiar structur€Fig.
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14) is formed by two layers of silica tetrahedrons linked by a layer of magnesium ions
in octahedral coordination. The octahedral sheets are not contiandderm long
channels along the fibéirection[46-50].

silicon tetrahedra

external magnesium
octahedra
(at the edge)

channels+zeolitic water (spheres)

intermal magneasium
octahedra

Figure 14. Structureof sepiolite

These nanoscaletunnels are normally filled with water andmeasure approximately
3.5x10.6 A? in cross section and 3 pm in lengfthe presence of such tunnels explains
the acicular morphology of sepiolite and the very high surface Bheaesult is a good
compatibility with most polymers and aincrease of mechanical properti¢s1-57]. It

has been showed that sepiolite neajhance the thermal stability and fire properties of
PP/IFR composite§s8]. He and coworkers instead showed that modified sepiolite
may improve the fire properties if coupled with zinc borate as flame retardant [59], also
because o better compatibility between the resin and the nanofiller.

Another family of additives consists of nanoparticlesnetal oxides, silica and POSS.
These nanoscale additives are characterized by their isometric dimensions and have
very interesting properties with regard to flame retardajg®/63]. POSS isan
inorganic silicalike nanocage surrounded by eight organicugeothat enhance its
compatibility within organic polymers. Duringombustion, POS&cts as a precursor
forming thermally stable ceramic materialfie wide rangeof organic groups available
enables the selective usefonctionalizedPOSS according to ttehemical nature of the
polymer matrix. The inclusion of nanometric metal oxides can also improve the fire

properties of many polymerd.aachachistudiedthe effect of the incorporation of
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nanometric titanium oxide (TK) and ferric oxide (F£s) particles on the thermal
stability and fire reaction oPMMA. Small amount (5 wt%) of nanometric TiQr
FeOs; enhanced the thermaltabilty of PMMA nanocompositesHRR values
determined by the c® calorimetry testwere found to dependhahe filler content and
to decrease at higher loading$ie improved flame retardancy thiese nanocomposites
was attributed to a restriction of the mobility of polynséains resulting from strong
interactions betweethem and thesurfaceof nanoparticlesFurthermoe it was shown
that the flame retardant effect of both Ti&hdFe,O; depends on theparticle size and
surface area

The incorporation of nanoparticles reduces polymer flammability by several
mechanismglimiting fuel transfer to the flame, formatiorf a protective char layer,
etc.) However these nanocomposites|sbiirn with a little reduction in total heat
releaseand time to ignition is generally not improvdd other wordsnanoparticles
have to be used in combination with other flame retaraigents in order to achieve the

required fire performance levels.
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CHAPTER 3COMPOUNDING AND
CHARACTERIZATION

3.1. Materials

PP resin (block copolymer propeathene, melt flow rate 25 g/10 min) used in
this work was produced by Unipetrahder the trade name MR4. Two kinds of
intumescent flame retardants were used: Exolit AP750 (ammonium polyphosghate
main componentP content of 22 wt%N content of 13wt%) and Exolit AP766
(ammonium polyphosphates main componenP content of 24vt%, N content of 15
wt%), both supplied by Clariant. Polybond 3200 {#% of maleic anhydride) was
produced by AdditivantFrom this point forward, Exolit AP50, Exolit AP766 and
Polybond 3200 will be respectiveboded a€X, ET and PB 320Q Sepiolite (SEP)
was supplied by Sigmaldrich while the organically modified sepiolit¢OSEP) was
made with the followingwo stepprocedurd8]:

X 25 g sepiolite were poured in 240 ml of deionized water and mixed at room
temperature. HCl was added in the system to obtain a pH value equal Toe3
resulting slurry was stirred for ursat room temperature. Successively it was
filtered using a Buener funnel. Finally, he obtained materialwas dried
overnight.

X 12 grams of acicgepiolite was mixed with 18l of deionized wateat room
temperature. A second mixture ®® wt% CTAB (cetyltrimethylammonium
bromide)was prepared and 5.7 mlhiis wasadded to thdirst suspension. The
mixture was stirred fob hoursat 75 °C, therfiltered using a Buchner funnel
and dried overnight to obtain OSEP.

3.2. Melt processing

Melt processing is the most wideigethodusedto processthermoplastics antb
obtaincomposites based on them.this work, all the formulations werff@st obtained
by using a twin screw roro extruder (DSM Explore) and, successivelyarger twin
screw extruder (HAAKE Polylab). PP MA524 and the flame retardants were used as
received beause they are not hygroscopic, S&ERl OSEP were instead dried in a
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vacuum oven a80°Covernight.The qually of the extruded materials couie tunedby
changing several parameters, e.g. temperature, mixing timghaad rateWith regard
to the micro extruderplenty of ests demonstrated that the best processing conditions

werethe following ones:

X temperature 185°C
X mixing time 4 minutes

X screw speed 70 rpm

These conditions guaranteedvery good dispersion of the fillers inside the matrix,
without the risk of decomposirthe flame retardanSimilarly, the optimal parameters
were used for the twin screw extruder: the temperature profile was in theliéhkge
200°Cfrom the feed to the die section of the barrel He screw speed was equabt
rpm. These conditions ensueegood dispersion of the additives inside the matrix and
prevented degradation effedkthe flame retardantsasconfirmed by subsequent tests.
Resulting materials were water cooled gqadletized with a rotary cutter rhilAll the
specimens were made by compression molding using a hydraulic press mod. LP420 by
LabTech engineering Company Ltd.

The formulationsshownin Tab. 1 represent the first set of materjatharacterized at
the laboratories of the University of Naplé-ederico 1I”. The second set of materials,
listed in Tab. 2, wasmainly characterized at the BAM B(ndesanstalt fir
Materialforschung undprifung)located in Berlin.

Table 1.
The first set of material@ll the values are expressednd%o).
Sample PP MA 524 PB 3200 EX SEP
PP 100 0 0
PP/1SEP 98 1 1
PP/18EX 82 0 18 0
PP/25EX 75 0 25 0
PP/18EX/1SEP 80 1 18 1
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Table 2.
The second set of matesafll the values are expressedv).

Sample PP MA 524 PB 3200 ET SEP OSEP
PP 100 0 0 0 0
PP/0.5SEP 99 0.5 0 0.5 0
PP/0.50SEP 99.5 0 0 0 0.5
PP/12ET 88 0 12
PP/15ET 85 0 15
PP/12ET/0.5SEP 87 0.5 12 0.5
PP/12ET/0.50SEP 87.5 0 12 0 0.5

3.3. Characterization

3.3.1. Thermal analysis

With regard to SEP, OSEP and the first set of materialgh#venogravimetric
analysis was carried out using a TA Instruments Q5000 (Mdttlkdo, Germany).
Measurements were conducted in the ranggQ@C at a heating rate of 20°C/min
under a 25 mL/mm nitrogen flow.The weight of the samples was kept under 10 mg.
With regard to the second set of materials, theyaizalvas carried out by using a TG
209 F1 (Netzsch, Germaniy) the range 3®00°C at a heating ratd 10°C/min under
nitrogenor syntheic air flow (30 mL/min).

The DSC analysis was carried out by a TA Instruments Q20 (Métiledo,
Germany). The samples were encapsulated in Al pans and heated from room
temperature to 200°C, kept isothermal for 2 minutes, cooled to 25°C and heatdd again
200°C.

3.3.2. Flammability test

The test for flammability of plastic matesalsedfor electronic devices and
appliarces is commonly known as LR4: a flammability specification issued by the
Underwriters Laboratories IncThe UL-94 family contains6 different flame tests
divided into two categoriesertical and horizontal testir@ab. 3) In the vertical flame
test, a flame is applied to thmse of the specimen held wertical position and the

extinguishing times are determined upon removaheffiame.n horizontal flame tests,
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the flame is applied to the free end of specimens held in horizontal position and the rate

of burning is determined as the flame front progresses betwedsehwbmark.

Table 3.
Different types of UL94 tests.
Test Specimen Dimensions (mm) Rating
Horizontal 2 sets of 3 specimen 125«<13; max thick. 13 HB
Vertical 4 sets of 5 specimen 125x13; max thick. 13| V-0, V-1, V-2

_ 4 sets of 5 specimen 125x13; max thick. 13
Vertical bar or plaqu : 5VA, 5VB
4 sets of 3 plaques| 150x150; max thick. 13

Thin materialvertical | 4 sets of 5 specimen 200x50 VIM-0, VIM-1,
VTM-2
Radiant panel 1 set of 4 specimen 460x150 RP15/RP200

Foamed horizontal | 4 sets of 5 specimen 150x150; max thick. 13 HBF, HF1, HF2

In terms of usage, URB4V (IEC 6069511-10) is the most commonly used test to get a
preliminary indication of flammability of polymers: it measures Helfextinguishing
time of avertically oriened specimen. The top of tispecimen is clamped to a stand
and the burner is plad directly below the speciméhig. 15. In Tab. 4there are all the
possible outcomes fahe UL-94 V test: the best ranking represented by the-&
level, the worst one by the 2 level whichinvolves the presence of flaming drippings,

very risky in @se of fire
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SPECIMEN
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Figure 15. How the UL-94 test is carried out.

Table 4.
Possible ratingfor UL-94 V tests
Burning stops within 10 seconds after two applications of ten seconds each of a
V-0 ) ;
flame to a test bar. NO flaming drips are allowed.
V-1 Burning stops within 60 seconds after two applications of ten seconds each of a
flame to a test bar. NO flaming drips are allowed
Burning stops within 60 seconds after two applications of ten seconds each of a
V-2 : )
flame to a test bar. Flaming drips arlewakd

The LOl test(Fig. 16) is used to determine the minimum concentration of oxygen that
supports flaming combustiohOl data are obtained at room temperature according to
ISO 4589 The dimension ofhe samples is 100x10x4 mMnA specimen is positioned
vertically in the test column and a mixture of oxygen and nitrogen is forced upward
through the column. The specimen is ignited at the top. The oxygen concentration is

adjusted until the specimen supports combustion. The inézpriesseds follows:

[ 14

1= 100m
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A material passes the test if its LOI value is higher than 21%, which represents the
concentration of oxygen in the air. The higher this value is, the better the flame
retardancy properties of the materigd.a

P Glass Cylinder
N A

\

Sample

Test Slud—’

Sample holder

Figure 16 Typical LOI equipment

The UL-94 test waspreviously performed on the materials obtainbg the micre
extruder.In case of success, the {94 and LOI tests were carried out on the materials
obtained by the largescale extruderAll the reported results were obtained with
materials prepared by the large extruder.

3.3.3. Fire behavior

Forced flame behavior was characterized by cone calorimeter (Fire Testing
Technology, East Grinstead, UK) at an incident Heat of 35 kWim? according to
ISO 566Q All samples (100x100x31nT) were wrapped in aaluminum foil and laid
on a horizontal sample holdawith regard to the first set of materials, an additional
edge frame was used to perform the teSllsneasurements were repeatagtor three

times, so the results reported in the tables correspond to the mean values.
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Cone calorimeter testing anads the behavior of products and materials when exposed
to heat and a source of ignition. Due to the srsiat of specimensone calometer
testing(Fig. 17) is a quickway toconduct research abofite performance of products
whilst still in the development stag&his technique gets its name from the conical
shaped heating elemeat which specimens are expos&tihen exposed to thieeat
source, a spark ignites the sample leading to combustion. The cone calorimeter then
gathers all the prodis of combustion in a ductyhile oxygen and temperature
measurements are used to calculate the energy that is produced. Tesfngvan
manyparameterfor each specimenas

X the heat release rate (kWnthroughout the duration of the test: the amount of
energy given off by the specimen at any one time, for each stpiared area,

X the ime to ignition of the specimgs);

x the btal heat redase (MI?): the total energy given off per unit area of the
sample

x the smoke production (R) as well asthe physicalbehavior e.g. swelling or

shrinking

Lases axtnchion beam including
L peratung measurement
Temperature and differential prassure
.-"f’ I F

_,,,-"P measurements taken here
| ~Soat samphe tube lacatian

A —===
Exhaust / = L
ower | - :
L >
\, / Exhaust
M 4

S hiad
d Gas samplas

Soat collaction "
filter I

laken hara

Spark igmto
Conirofled NMow rate

T Sampla

Leaad cedl

Vartical orentation

Figure 17. Cone calorimeter equipment
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Cone calorimeteprovides a reliable means of measuring the rate of heat release, the
single most important property predicting fire hazard, since it governs both the rate of
fire growth and its maximum intensity. Tests are normally conducted wigathplein

horizontalposition, howeveit is possible tauntess in vertical orientation too.

3.3.4. Mechanical testing

The flexural strength andhodulus were measured usiagTensometer 2020
testing machine (Alpha Technologies) accordingS® 178 The measurement was
repeated fre times for each type of materaid the average value was calculafidee
impact perfomances were obtained by using a pendulum Instron Ceast 9050, according
to ISO 179 The specimens were tested using impact angle and energy respectively
equalto 45° and 7.9 J. The reported values are the average ones.

3.3.5. Dynamic mechanical analysis (DMA)

Dynamic mechanicalralysisis a widely usedechniqueto characterizeéhe
propertiesof a materialasa function of temperature, time afi@quency It works by
applying a sinusoidal deformation to a samgdl&mwn geometry. The sample mbag
subjectedto controlled stress or straifn case ofknown deformation, the specimen
requires aertainload, whosevalueis related to its stiffnes©®MA measues stiffness
and dampingrespectivelyreported as modulus and taue to thesinusoidal forceit
is possible texpress the moduluss two components, one in phase (storage modulus)
and oneout of phase(loss modulus The storage modulus, either E’ or G’, is the
measure ofheelastic behavior and it is numerically very similathe Young modulus.
The ratio of the lossnodulusto the storagenodulusis the tan and is called damping
because it representBe ability of the investigated materiate dampen mechanical
loads It is a measure of the energy dissipation of a mat&¥MIA of the formulations
was carried outby using aTritec 2000 (Triton Technologyunder the following

conditions

X strain 0.01 mm
x frequeny 1 Hz
X temperaturérom-50 to 120°C

X nitrogen environment
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3.3.6. Rheological analysis

Rheological testsat high shear rateprovide importantinformation about
polymer processingFig. 18. Polymeric melts are neMewtonian fluids and their

viscosity decreases with increasing shear rate.
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Figure 18. Importanceof viscosity on processing conditions

There are several parameters that can influence the visposjigrties The nolecular
weight is the main stictural parameter of melow behavior at temperatures above the
Tg (for an amorphous material) or the melting point (for a segstalline polymer).
Melt viscosity is a constant at low shear rates. The viscosity in thenregknown as
the zero sheawiscosity. For low molecular weight polymeren which chain
entanglement is not a factor, the zero shear viscosity is proportional to the molecular
weightof polymers. Aove a critical molecular weight, chains begin to entangletand
zero shear viscosity depends much stronger on molecular wkigkécular weight
distribution is also a fundamental parameter for the rheological prop&#gsnd the
Newtonian region, melt viscosity @ps with increasing shear rate (shear thinnirg.

19). This behavior is the most important ANBwWtonian property because it speeds up
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material flowand reduces heat generation and energy consumption during processing.
The size of shear thinningnay be orrelatel with the molecular weight distributio
polymers with a broad distribution tend lbecamemorethin at lower shear rates than
those with a narrow disbution at the same averageywMThis has very important
effects for industrial processes, ergolding and extrusion can be made easier by
broadeninghe molecular weight distributian

mo‘g Molecular weight
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00— 230 000

o— 320 000

=— 430 000

o
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Figure 19. Relation between viscosity and molecular weight

Branching and filler conterghould alsdoe considered. Key factors are shape and size
of fillers, as well as their concentratiotdsually, adding fillers increases the melt
viscosity specially at low shear ratemdincrease the neNewtonian rangeAt higher
shear rates the effect of the filler decreases and the matrix contributiomsitom
Processing conditions aside, rheological analysiswatshear rates may provide very
useful information about thdegree of dispersionf fillers inside polymes. Indeed
rheological propertiesdepend on the chemicastructure, size, shape surface
modificationof includedparticlesbut alsoonthe interactions betweditler s andmatrix

or theamong he particlesThe attractive forceamongparticles especially in the case
of nanoparticlescauseagglomeratiorwith evident consequences for theoasity In
the linear viscoelastic regim&’ gives an accurate indicationf the nanoparticle
dispersionif a networkis created, a plateas visible in the terminal regio(solid like
behavior) Generally speakingf the polymer ismainly viscous in natureG” is larger
than G’butthe addition ofigid particlesmay let G’ become similar or even larger than
G”. Moreover everychange in storagmodulus is much morevident if compared to
the loss modulusUnfortunately, heologcal testsalone can’'t determine the exact

34



morphologyso often it is necessary to use complementary analysis s@wibca®n or
optical microscopyo assesshe degree of dispersion.

Rheological behavioat high shear rategas investigated by using a capillary oheeter
(Instron Ceast SR20) at 185°C. The diameter of the die was 1 mm and the shear rates
values were 100, 200, 600, 1000, 2000, 6000 and 10b0the second set of material
underwent an additional analysislatv shear rate by usng a TA Instrument ARG2.
Circular samples with a thickness of 1.0 mm were melted at 185 °C for 5 min in the
paralletplate fixture to eliminate the residual thermal history before measurements. To
determine the linear region, dynamic strain sweep measutsiwere first conducted.
Dynamic frequency sweep measurements were performed in the angular freg&lency (
range from 0.1 to 100 rad st 185 °C.

3.3.7. Scanning electron microscopy (S EM)

SEM analysiswas performedby using a Quanta FEI 200Rstrument, whose
accelerating voltage was 20 kV. The surface of all the samples, previously broken in
liquid nitrogen, was sputteroated with gold layer before examinatidime second set
of materials was studied usirgZeiss EVO MA10 instrumerat the BAM in Berlin,.

Both mcrographs of broken samples and cone residues were taken.

3.3.8. Transmission electron microscopy (T EM)

TEM micrographsof the second set of materialgere acquirel by using a
Tecnai G2 Instrument with an acceleration voltage2ff BV. All the specimens were
microtomed into 70 nm thick slices and deposited on a 400 mesh copper nets for

observations.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1.Therm al stability

4.1.1. SEP and OSEP

TG and DTG data are summarized in Tab. 5 wheflgaxn representthe
temperaturesvhen maximum degradation rate occur
Pristine sepiolite underent a multistep déydration process (Fig20) in accordance
with the literature §4]. The mass loss was 15.6 wt% anhé mainlydue to the water
inside sepioliteln particular, he DTG curve highlighted hreedifferent dehydration
steps

x first step (Tuax1 71.6°C), due to the loss of zeolitic watend completed at
140.0°C

X second step (fax2 284.5°C), itlooked likea pretty brad peak and it as due to
the coordinated water

X third step (Tuaxz 530.6°Q, very broad peakue to tle loss of coordinated water
again

With regard to OSEP, the DTG curve showed a completely different behavior. The first
peak was shifted from 71.6°C t0.81C and the mass loss rate was loimezomparison

with SEP. There was only one more dehydration peak, whose maxaocumred at
348.9°C due to the coordinated water. This result was in contrast to what expected: i
the case of organically modified sepiolite, two peaks shbaldappeaed in the range
200-700°C [64] because the thermal aEmpositioninvolves both physically and
chemically bonded modifierThis suggested that thsurfactantwas bonded to the
sepiolie in only one wayeitherphysically or chemically. This outcome was surely due

to the peculiar reaction conditions used to prepare OSEP.
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Table 5.
Thermogravimetric outcomes of SEP and OSEP

40-140°C 140-330°C 330-650°C
Mass los Tmax1 Mass los Tmax2 Mass los Twmaxa
(%) (°C) (%) (°C) (%) (°C)

SEP 9.4+ 03 71.6+1 3.0+0.1 284.5+ 2 29+0.1 530.6+ 2
OSEP 5.4+02 8171 3.1+ 0.1 348.9+ 3 5.5+0.2 =

100 - 4

—SEP

SEP ——OSEP

—OSEP
95

Mass (%)

90+

Mass loss rate (wt% min™)

85+

T T T T T J T T T T T T T T T )
1(|)0 2(50 350 460 560 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Figure 20 Thermal stability of SEP and OSEP

4.1.2. First set of materials

TG and DTG curves of the first set of materials are showed in Fi§s2 Il max
and Myax are respectively the temperatures atrh#ssloss, themaximum degradation
rate temperaturand the maximurmassossrate.

The thermal decomposition of Pi nitrogen,stared at 313°C. At 460°C the polymer
was completely consumed and no residue remaifasl decomposition toojlace in a
single step and the DTG maximumecurredat 433.2C. Addition of 1 wt% pristine
sepiolite increased the thermal stabilipd deomposition temperaturef PP, as
pointed out by the sb, and Tuax values.The Myax wasinstead the samécompared to
PP.Similarly tothe resinthere was single decomposition step but charazestiby a
DTG maximum at 476.9°C, leaving a negligibl@mount of residue at 700°C

As reported inTah 6, addingthe flame retardardid not significantly changehe Tso,
value butthe decomposition ratevas much lowern comparison witlPP, owing tothe
effectiveness of the flame retardant. There wasngerestingoutcome: both th&X
basedformulations hadthe same thermal stability, even if the amount of &as
different (25 or 18 wt%). The TG curve showed that the thermal stability

37

of



PP/18EX/1SERvas a little lower than that of PP/18EX. This wasxpeeted, having
considered the big increase of stability observed for PP/TB#PDTG curve showed
that the decomposition temperature higher than that of PP and, above thié mass
loss rate was much lowaen comparisonto all the other formulationssuggestinga
synergisic effect between SEBnd EX as will be showrater. This synergistic effect
also influenced the resid@mount,which resulted to baigher than those of PP/18EX
and PP/25EX.

Table 6.
TGA results of thdirst set of materials
Sample Tsw (°C)  Tuax (°C)  Myax Wt% min™)  Residue700°C (wt%)
PP 360.2+5 433.2+2 50.9+1 -
PP/1SEP 423.7+4 476.9+ 2 50.9+1 1.3+ 0.1
PP/18EX 3725+4 479.6% 2 39.1+ 2 8.9+ 0.3
PP/18EX/1SEP 359.6+3 477.8+2 29.8+ 2 11.3+ 0.7
PP/25EX 371.2+4 478.3x3 41.1+1 10.2+ 0.5
€0 =
100 4
g0+
80 4 z
E 40
x 604 ——pPP DE —FF
é‘ — PP1SEP ;:_ 30 - PR SEP
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Figure 21 TGA of the first set otompositegnitrogen flux).

4.1.3. Second set of materials

TG and DTG curvesre showedn Fig. 22 and Fig.23, while the data are
reported in Tab7 and Tab8. Again, Tsw, Tmaxn and Muax representhie temperatures
at 5% mass loss, the temperatures when maximum mass lossc@ais and the

maximum mass loss rateespectively.
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As showed in Fig22, all the formulations decomposed in nitrogen through one single
step with a residue at 700 °C almost nithe case of PP, PP/0.5SEP, PP/0.50SEP, but
equalapproximately to 4.3 and 6\8% in presence of 12% and 15 wE4olit AP766.

The partial decomposition ofébe residues at higher temperataésvedto assume a
carbonaceousorganic nature of the. Adding 0.5wt% SEP didn’t significantly affect
the Tsy Of the matrix, whereas a small increase of the same thermal paravaster
detected for PP/0.50SEP. On tentrary, the modification of the matrix by inclusion
of the flame retardant worsenéd thermal stability with an effect increasing with the
ET content Furthermore, this effect was natcovered by the simultaneous inclusion of
sepiolite nanoparticlespristine or organically modified. Although the thermal
decomposition of investigated materials is mainly controlled thwy degradation
pathwayof the resin the above mentioned effects may be attributed to slight-filler
matrix interactions affecting the c@mpositionmechanisms as also witnessed, in all
cases, by the increasetbe Tyax valug almost equal to ZC in all cases, anbly the
reductionof the Myax values.These results demonstrate that both SEP and OSEP did
not significantly influence the deogosition characteristics controlled by the

intumescent additive.
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Figure 22. TGA of the second set of composites (hitrogen flux).
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Table 7.
Thermal stability of the second set of mater{aigogen flux).

Sample 'I;S% Tg,.Ax MMAX_ . Residue 700°C Residue900°C
(°C) (°C) (Wt% min™) (Wt%) (Wt%)
PP 400.2+7 456.7+1 28.6%1.5 - -

PP/0.5SEP 401.6+4 464.7+2 253+05 05+0.2 05+0.2
PP/0.50SEP 4105+5 465.0+x2 2781 0.1+0.1 0.1+0.1
PP/12ET 387.3+£7 4685+x1 256+1 43+£05 3.5+05
PP/15ET 377.7+4 467.8x1 24.2+0.5 6.3+0.5 43+05
PP/12ET/0.5SEP 380.7+4 468.3+1 26.7+0.5 46+0.1 26+0.1
PP/12ET/0.50SEP 379.0+7 469.0+3 24315 44+05 3.4+05

In Fig. 23, the mass loss (TG) and the derivative mass loss (DTG) curves of all studied
materials, obtained by heating samples in air, are presented. In this case, PP
decomposed in two steps: the main one represented by a high and sharp signal at
314.4°C and the send one by an asymmetric and much less pronounced signal at
about 500°C. This behavior is attributedaoadical chain process which leads to the
release of volatile molecules such alsohols, aldehydes and ketonédoreover,
thermooxidative decompositn of PP led to a carbonaceous char residugch
resulted to be always almost completely degraded for fungegting up to 900 °C.

From parameters collected in TalBe it is evident that the inclusion &EP or OSEP
particles slightly affectedhe themal degradation mechanisms of the matrix reducing
only the height of the firstierivative signal.

The intumescent flame retardant, instead, increased the thermal stabilityasugecth

the decomposition pathwagn additional differential signal, due tioee decomposition

of ammonium polyphosphate to yield polygpboric acid, ammonia and water
revealed. This signal, centered at about 280°C fosyhem containing 12 wt% of ET

is shifted to lower temperature by increasing the fire retardant conbehtfoa
formulations involvingSEP/OSEP particlesmultaneously. For these systems, the main
DTG signal is shifted to higher temperatures with respect to the formulatitmsut

the flame retardanand it is further reduced in height. At the same time, ghak
temperature of the third derivative signal is also increased even if to a less extent than

the main one.
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Regarding the residue, it amountedabout 25 wt%after the main decomposition step

five times higher thanPP. The carbonacecu®rganic reglue decomposed in a

subsequent third step, when the materials were heated up to 900°C, led residues

between 3.4 to 5.5 wt% quite similar to the final residues observed for the thermal

decomposition. Similar decomposition characteristics observed in peesésepiolite

allowedto assume that these latter did not improve the thenxmative stability of the

char.
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Figure 23 TGA of the gcond set of materials (synthetic air).
Table 8.
Thermal stability of the second set of materials (synthetic air flux).
T T T Residue M max Residue
Sample (056/3 (“cf'é‘;;l (“cf'é‘;;z 405°C (Wt% min” 900°C
(Wt%) ) (Wt%)
PP 259.8+4 = 3144+3 48+0.1 50296 16.0£0.7 -
PP/0.5SEP 264.4+ 1 - 3133+£5 6.1+0.1 4799+£3 139%x15 1.0x0.1
PP/0.50SEP 262.7+4 = 3219+5 5.7x03 4922+3 13.9x£0.7 03x0.2
PP/12ET 2665+1 2804+2 3664+2 246+11 5219+1 115%+06 3.4x03
PP/15ET 267.3+£1 27511 36742 299+x15 5144+1 104%£02 4.2x0.2
PP/12ET/0.5SEP 264.4+1 271.1+2 3581+2 246+03 4979+2 127206 44zx0.1
PP/12ET/0.50SEP 263.3+1 27392 366.1+3 23.4+13 5154+3 109+£0.2 5510
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4.2.DSC analysis

4.2.1. First set of materials

The DSC anlgsis of PPshowed that the degree of crystallinity vedmut 36%
(Tab. 9. The addition of 1 wt% pristine sepiolite slighghiftedboth the meltingand
crystallization temperatuse Moreover the heat of crystallization increddey 6.7%,
indicating the nucleating effect of the fillekdding 18 wt%of flame retardant dichot
modify either the melting temperature of PP thie degree of crystallinityThe
interesting outcome was thewler crystallization temperature7.7°C) in comparison
with PP, probably due to impediments to the matrix crystallization in presence of the
intumescent additiveThe same effect was observed for PP/18EX/1SEP iuthis
case it wasslightly lessevident.On the other hand, no significant chamf degree of

crystallinity was noticed.

Table 9.

DSC results of the first set of materials.
Tn (°C) 0 4(J/9) T:(°C) 0+ (J/g) $ (%)
PP 167.2+0.2 749+3 127.5+03 755+3 361
PP/1SEP 166.0+£ 0.2 732+ 2 126.5+ 0.3 80.5+ 2 361
PP/18EX 167.6+ 0.5 66.7 £ 4 1215+ 0.2 70.0+£ 3 372
PP/18EX/ISEP  167.4+05 62.2+ 2 123.8+0.3 63.8zx1 371
PP/25EX 167.2+0.4 63.7+£ 2 1195+ 0.3 68.5+ 1 36+1

4.2.2.Second set of materials

Just as observed f&®P/1SEP, the addition af very small amount of SEP (0.5
wt%) didn’t change the propers of the matrix considerablihe increase of the degree
of crystallinity wasnegligible if the uncertainty wakaken into accountTab. 10).The
presence of OSEP didn’t affect the crystahirbut it resulted in @mall decrease of the
crystallization temperature. This outcome, absent in the SEP based formulation, was
likely due to he organic surfactant inside the fill@he presence of 12 wt% ET caused
asmall decrease of the meltiagdcrystallization temperatusen comparison withPP.
Just as happened wilX, the degree of crystallinity was not affected by the presence of

the flame retardant. The addition ofiB% ET led to the same resulihe simultaneous
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presence oflame retardat and SEP didn't affect the properties of the matix,the
other hand @ompletely different result as observed for the formulaticontaining ET
and OSEPa significant increase of the degree of crystallinitgurred clue of abetter

corformation ofthe macromolecules

Table 10.

DSC result®f the second set of materials
Tn (°C) 0 4 (J/9) T.°C) 0+ @J9) $%)
PP 167.2+0.2 749+3 127.5+03 755+3 36+1
PP/0.5SEP 167.9+0.2 765+ 3 127.4+ 0.2 778+3 371
PP/0.50SEP 168.5 0.1 75.7+1 126.2+0.2 7861 36+1
PP/12ET 166.0 £ 0.2 69.5+3 1252+04 735+3 36x2
PP/1SET 166.3 £ 0.2 69.7+ 3 1259+04 705+£3 372

PP/12ET/0.5SEP 166.1 + 0.1 68.6 + 3 126.0+0.3 71.4+3 38 +1
PP/12ET/0.50SEP  166.3 £ 0.2 73.4 +1 126.9+0.1 75.0+x1 41+1

4.3. Hammability and ignitability

4.3.1. First set of materials

PP was a highly combustible materad confirmed by the LOI valug€0.8
vo1%) and the fdure in UL-94 test(Tab. 1). The addition of 1 wt% sepiolite resulted
in a worseningn LOI soeven such small amount of fillewasenough to deteriorate the
flammability of the matrix.This outcome was in contrast with the TG results, which
showed a retarded decomposition as poiotgdby the Fy, and Tuax values.The UL-
94 failedas wel| indeedthe specimen burned completelfhe presnce ofthe flame
retardantin PP/18EXdid affect the LOJ increased from 20.8 to 25®I%. This
percentage allowetb lower the lammability but notenough to achievéhe V-0 level
Several tests showed that the minimum amount to obtain-héeVel was equal to 25
wt%, this also permitted to increase the LOI up to 3@I9% (+48% compared to the
pristine matrix). The oxygen indexof the EX/SEP basetbrmulation was equalo
26.5% avalueslightly higher tharthe one obtained by PP/18EXhe combination of
both additivesmproved the flammability behavior and resuliada V-0 ranking:this

wasa clearindication of asynergistic effect between sepieland the flame retardant
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The following equation was used to quantify the synergism between SEP andhEX
regard to the LOperformance

5'=(1tei>eF1YH(1tpeF 19+ (1heF 19)

where Ofr:s+piS the oxygen index ofhe polymer filled with flame retardant and
synergist, Olr+pis the oxygen index of the polymer filled with flame retard@n.pis

the oxygen indexvhen only the synergist is included ang © the oxygen inderf the

pristine polymer B8]. In this case, th@btained valueavasequal to 15, not very high
because othe negtive effect of the sepiolite othe flammability properties. The
synergism was also measured assuming a superposition of the effect of the single
additives(Tab. 11).

Table 11.
Flammability propertiesf the first set of materials.
l. LOI for :
Sample o) Scfli(igriitis)i:i)on uLos  Haming
PP 20.8+0.2 ) - Yes
PP/1SEP 20.1+0.2 ) - Yes
PP/18EX 252+0.2 ) V-2 Yes
PP/18EX/1SEP 26.5+0.2 24.5 V-0 No
PPI25EX 30.9+0.2 ) V-0 No

4.3.2. Second set of materials

The UL-94 and LOI results of the formulatiorsse summarized in Tab. 12
Adding 0.5 wt% SEP decreased the LOI of the matiik the effect waquite
negligible. Theworseningwas more apparemthenOSEPwas added to the resimhis
decreaseni LOI was not explained bgn earlier decompositipraswitnessed by the
increasedTsy, and Tyax Vvalues but consideringa reduced melt flow The bad
performancs of PP, PP/0.5SEP, and PBOSEP were also confirmed by their failure
in the UL-94 test. The minimum amount of ET necessary to achieve tBe V
classification was equal to 15 wt%, this percentage also allowed to increase the LOI

from 20.8 to 25.4 vol%. The same LOI was achieved by1FHPT/0.5SEP, which
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therefore showed a higher LOI than PP/12ET. Neverth#iessaterialdidn't succeed

in the UL-94 test and burned completely with dripping phenomena. The most
interesting outcome was obtained BP/12ET/0.50SEP, which outperformed the
ET/SEP based formulation in LOI and 9. Indeedt achieved the M ranking and

the highest LOI of althe investigatedmaterials. PP/12ET/0.50SEP showed also a
higher LOI than PP/15ET despite the lower amount of flame retardant.

The performance of PP/EZ/0.50SEP was surely due to a synergistic effect between
ET and OSEPsince adding OSEP alone only deteriorated the BPplying thebelow
formula wasn't appropriate because dividing by a negative value delivenedrtain
results. The origiof the synergy between ET and OSE&s likely due tan additional

mechanism or phenomenoncacring only in this combination

5'=(1tei>eF1YHA(1tpeF 19+ (1heF 19)

Table 12

Flammability results of theesond set of materials.

Cal. LOI for :
Sample (vLo%}o) sup((\a/gci((;os)ltlon UL-94 grlgg:rr:g

PP 20.8+0.2 ) - Yes
PP/0.5SEP 20.0+0.2 ) - Yes
PP/0.50SEP 19.2+0.2 ) - Yes
PP/12ET 22.3+0.2 - V-2 Yes
PP/15ET 25.4+0.2 ) V-0 No
PP/12ET/0.5SEP 25.7+0.3 215 V-2 Yes
PP/12ET/0.50SEP 26.3+0.4 20.7 V-0 No

4.4. Fire behavior

The fire behavior was investigated using a Fire Testiigchnology cone
calorimeter witha heat flux of 35 W/m? which is the recommended heat flux for
explorabry testing.

The heat release rate (HRR)tal heatreleased (THR) and total heat evolM@HE)
were discussed:HR is the integral of HRR with respect to time and THE is the THR at
the end of the test. THE and HRR are mathematically relatedgfmasent independent
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fire hazards: THE depends strongly on the total mass loss, the effective heat of
combustion of the volatiles and the combustion efficiency in the flame Zoneke
production rate (SPRand total smoke releas€TSR) resultig from incomplete
combustion were evaluated to determine the fire hazd®HRR value is strongly
dependent on the fire scenario as well as the intrinsic fire properties of the spaednen
represents the most used result from cone calorimeter.

There are twondices that allowd simplify the interprtion of cone calorimeter data,
FIGRA and MARHE The first ongfire growth rate indexjs themaximum quotient of
HRR(t)/(t) and usually it is calculateoly dividing the peak heat release ratetime to
peak hat release rate. It is a very useful index sincaiit estimate both the fire spread
rate and the size of a fire. Thecond indexmaximum average rate of heat emissin)
defined as the cumulative heat emission divided by time and its peak valugnane c
considered a good measure of teedencyfor fire development under real conditions.
These indices allow to asse$® hazard of developing fire® they are useful to get
immediately a qualitative estimate of flame retardancy

4.4.1. First set of materials

As expectedPP wageally easy to burnthe HRR curve was characterized by a
sharp peak whose maximum was at 648/m? (Fig. 24). This high value resulted in
large values for all the indices, suchld$E, FIGRA and MARHE
Addition of SEPdidn’t change the fire properties of the matrix dramaticalg:PHRR
valuewasa bit lowerthan that of PPthe shape of théiRR, THR and TSRurves was
substantiallyidentical if compared to the resifihe FIGRA and MAHREIindiceswere
practicallyunchangeds well(Tab. 13).Sepiolite made the ignition harder to occur, this
was in agreement with the retarded thermal decomposition of PP/1SEP observed in TG
analysis.Adding 18 wt%EX wasn’'t enough to obtain the-¥ level, nevertheless
could ckarly improvethe fire behavior, indeed tHRHRR and THEvalues decreased by
81% and 46%espectively.The HRRcurvedidn’'t show anysharp peak butather an
irregular trendwith two maxima at 55 and 175Big. 25) MARHE and FIGRA indices
showed a significant reduction if compared to PP, as evidence of the effectiveness of the
flame retardant. Increasing the EX amount from 18 to 25 wt% (minimum percentage

necessary to pass the 194 test) obviously improved the fire pemitance.
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Table 13.
Results of the cone calorimeter measurements.

TTI  PHRR  THE FIGRA MARHE  CO yield
() (kW/m?) (MIm?  (kWim?s)  (kW/m?)  (kglkg)

PP 47+3 610+45 72+5  41+04  255+6 0.035=0.002
PP/ISEP  56+3 547+40 67+5  3.8+0.2  223+9 0.057 +0.003
PP/I8EX  27+4 115+14 39%2  21+04  91+2 0.034+0.002
PP/25EX 303 72+3 15+2  24%01  38+2 0.044+0.003

PP/1S8EX/ISEP 29 +2 102+4 18+3  20+0.1  53+2 0.023+0.002
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Figure 24.HRR curve of the first set of formulations.
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4.4.2. Second set of materials

Figure 26 shows the HRR and the TH&urvesof the investigatednaterials
while Table 14summarize keyparameters reflecting thefire performance like TTI,
PHRR, total heat evolved (THE = THR at end of tdsfFRA andMARHE. Table 15
instead showghe modes of action of the included flame retardatiie residue
percentageshe THE/TML ratiosthe UHGXFW LR Q 0 PHRR. Usi(ig bh@se
parametersWKH UHGXFWLRQ GXH WR FKDUULQJcrPWS IODP
calculated, as well as the reduction in PHRR caused by an additional protective layer
HITHFW  &dR&. Latpp
As expectedPP wasvery easy to burn: its HRR curve showed a sharp peak at a very
high PHRR(1610kW/n) and the duration of burning was only 200 s (). The
high PHRR alsoresulted in high values for all the indicdSGRA, MARHE and
PHRR/t(PHRR). The higlHR indicated a high fire loadhe violent burning of PP was
caused by its high effective heat of combustiwitnessedby the ratio of THE/TML
and thelack ofresidue (Tablél5). The addition of 0.5 wt%EP or OSEP influenced
neither the fire behavior of P&1d the amount of residue nor te#ective heat of

48



combustion. On the other hand, these fillers favagedion, as demonstrated by the
shorter TTIl values in comparison with PP. Howevegnsidering that the
thermogravimetric analysisidl not highlight ay influence on thermal and thermo
oxidative decomposition, th@orseningin TTI was attributed to a mowguick increase

of thesurface temperature

The binary systems PP/12ET and PP/15ET showetkar reduction ofthe PHRR

valug respectively equal t68% and 79% if compared to PPhese formulationalso
manifested amarked drop in the PHRR, FIGRA, MARHE and PHRR/t(PHRR)
parametersmoreover theHRR curveswere broadwvith several maximaln contrast to

PP, these systems bwed as residuéorming materals showing a reduction in the THE
equal to 8% and 16% in presence of W®6 and 15m% ET, respectively. The
reduction in fire load (THE) was caused by the limited amount of residdeaan
significant drop in THE/TML The contribution of the different mosleof action is
quantified in Tablel5. With respect to HRR,hé¢ main mode of actiomas te
protective intumescent layelhe THE wasinsteadcontrolled by the charring and the
reduction in the effective heat of comtias of the volatiles (THE/TML)

With respect to PHRR, the protective layer effect became the most pronounced mode of
action, with reduction between 65 and 85%. The HRR curve of PP/12ET/0.5SEP nearly
resembled that of PP/15ET, despite the lower amount of flame retardant. The
simultaneougpresence of ET and OSEP in PP/ET/OSEP allowed the largest reduction
in PHRR, accompanied by the longest burning time. Comparing the reduction due to the
protective effect of PP/12ET/0.5SEP and PP/12ET/0.50SEP with PP/12ET identified
the remarkably improveresidual protective layer as the origin of synergistic behavior.
The protective layer effect was so strong that the contribution of the charring and the
reduction in THE/TML becameguite negligible
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Figure 26. HRR and THR curves of the second set ofemals.
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Table 14.
Result of the cone calorimeter tegisrformance

TTI PHRR THE FIGRA MAHRE PHRR/A(PHRR)  CO yield
(s) (kwim? (MIm? (kW/sm?) (kw/m? (kwis m?) (ka/kg)

PP 54+3 1610+70 106+4 10.7+1 573+20 10.7 0.032 + 0.003
PP/0.5SEP 48+2 1701+70 108+1 11.7+0.2 580+9 11.7 0.033 + 0.001
PP/0.5SOSEP  46+4 1665+40 106+1 10.6+0.4 592%2 10.7 0.035 + 0.001
PP/12ET 37+1 510+36 97+3 24+01 301%5 2.0 0.077 + 0.005
PP/15ET 27+1 339+30 891 34£01 226%20 1.0 0.063 % 0.004
PP/12ET/0.5SEP 27+2 320+30 88+1 3.3+0.3 227+2 1.7 0.050 + 0.006
PP/12ET/0.50SEP 28+1 241+3 92+2 3101 159+5 0.6 0.041 + 0.003

Table 15.
Modes of action of the flame retardants
Residue THE/TML  Weight &DO @5 G7+( 03+55 &D0 10)3
(W) (kwigm?)  (g) (%) ORI O
PP = 43+0.2 23.5
PP/0.5SEP - 4.5+ 0.05 23.9 -6.4 -1.8 -5.7 -
PP/0.50SEP = 4.4+ 0.05 23.7 -3.2 0.0 -3.4 -
PP/12ET 6.5+0.3 3.8+0.05 26.0 8.6 8.5 68.3 65.4
PP/15ET 6.0+04 3.9+0.03 25.0 9.3 16.0 78.9 75.8
PP/12ET/0.5SEP 6.9+0.7 3.7+0.05 257 12.4 17.0 80.1 76.6
PP/12ET/0.50SEP 5.6+0.1 3.9%0.1 25.1 8.6 13.2 85.0 83.2

As displayed in Fig27, the smoke production of PP, PP/0.5SEP and PP/0.50SEP were
prettyidentical. The addition ofLl2 wt%of flame retardantmade thesmoke production

twice larger PP/15ET, PP/12ET/0.50SEP, and PP/12ET/0.50SEP showed an increase
in smoke production as well, even though less pronounced than PP/12ET. Comparing
the smoke produtn rates with the HRRurves provedhat the smoke yield was
strongly increased. This outcome was consistent with the increase in CO yield (Tab.
14). Two reasons were @posed to explain this behavior: an incomplete combustion, in
accordance with thdarge reduction in THE/TML, andhe decomposition othe

intermediate stable char
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Figure 27. TSP and SPRurves of the second set of materials.

4.5. Mechanical properties

4.5.1. First set of materials

Adding SEP didn't changeither the flexural modulus astrength of PP, as
showedin Tab. B. Including 18 wt% EX instead had a negative effect on the
mechanical properties, ineé the modulus decreased by 5%, on the contrary no effect
was observed fothe flexural strengthAdding a higher percentage aothe flame
retardant worsened the modulus even more but, again, the flexural strength was
unaffected The unexpected outcome was obtained with PP/18EX/1&HS 28)
showinga pretty large increase of the modulus (+1&%d +20%f compared to PBnd
PP/18EX.

Table 16.
Mechanical properties of the first set of materials.

Modulus Strenght

Flexural modulus Flexural strenght variation variation
(MPa) (MPa) (%) (%)
PP 1402 + B 33.2+0.6 - -
PP/1SEP 1400+ ® 33.4+0.5 -0.1 0.6
PP/18EX 1334 + 30 33.2+0.4 -4.7 -
PP/25EX 1310+ 25 33.1+04 -6.4 -0.3
PP/18EX/1SEP 1588 + 26 33.1+0.4 13.4 -0.3
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Figure 28. Flexural modulus anstrengthof the first set of materials.

4.5.2. Second set of materials

Adding 0.5 wt% SEP didn't change the mechanical properties of the matrix
(Tah 17). A smallenhancementf the modulusvas obtained by addinQSEP (+4%),
probablybecause ofhe better arrangement of the macromolecaedthe interactions
with the surfactat used to modify the sepiolitéfThe small decrease of the flexural
strenght was negligible and, anyway, in the uncertainty rddgkke the first set of
materials,adding the flame retardant didn’'t worsen the flexural modulus of PP, as a
matte of fact it allowed toachievea small mprovement of it(Fig. 29) On the other
hand, the flexural strengttf PP/12ET and PP/15EWas lower in comparison to the
neat resir(respectively16% and-21%).
With regard to the ternary formulatioriee ET/SEPbased formulation showedsmall
improvement of the modulus if compared to the binary formulatitP®.5SEP and
PP/12ET The flexuralstrengthwas instead lower than that of PP and PP/0.5SEP but
higher if compared toPP/12ET This meant that SEP coukbmehow mitigate the
negative effect due to the flame retardant. PP/12ET/0.508#©Red the highest
modulusvalue (+10% in comparison to PP)'he reason was connected witie hgh
degree of crstallinity (41%) and the goodffinity with the modified fillef inducing a

more pronouncetkinforcement effect of theatrix
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Table 17.
Mechanical properties of tremcond set of formulations.

Flexural modulus  Flexural strenght Modulus Strenght

(M Pa) (M Pa) var(l(;)t)lo n var(l(;)t)lo n
PP 1402+ % 33.2+0.6 = =

PP/0.5SEP 1420 + 25 33.1+0.3 1.4 -0.3
PP/0.50SEP 1465+ 15 32.8+0.3 4.6 -1.2
PP/12ET 1440 + 20 27.7+0.2 2.8 -16.5
PP/15ET 1454+ 20 26.1+1.0 3.8 -21.4
PP/12ET/0.55EP 1470 + 30 28.5+0.4 5.0 -14.1
PP/12ET/0.9DSEP 1532+ 23 29.0£1.0 9.4 -12.6
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Figure 29. Flexural modulus anstrengthof the second set of materials.

Given that the only significant difference occurred between PP and the ET/OSEP based
formulation, he Charpy impact testgere performed only for the above materials. The
results confirmed what observed in the flexural testsThe load peak of
PP/12ET/0.50SEP was higher than that of &mhfirming the higher stiffness of the
ternary composite. fie resilience of the ternarysggm wasnsteadlower if compared

to the matrix. This suggested a worse ability to dissipate the impact enerdg3OjFig.
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Table 18
Impact properties of the second set of materials.

Peak load Resilience Elongation at break
(N) (kd/m?) (mm)
PP 216.6 £ 11.0 51.1+6 6.8 £0.35
PP/12ET/0.50SEP 246.2 £ 21.1 134+2 3.6+0.12
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1504

Force (N)

100
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T v T ¥ T v T ¥ T ” ' v
0 1 2 3 -+ 5 6 7
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Figure 30 Outcomes of the impact test

4.6. Dynamic m echanical analysis (DMA)

4.6.1. First set of materials

Elastic modulus of the composites may be relabestorage modulus obtained
by dynamic mechanical analysisThe storage moduluscurves asfunction of
temperaturare shown in Fig31.
Adding SEP induced a very limited effect on greperties oftie matrix.Surprisingly,
theinclusionof the flame retardamtaused a pretty apparent improvement of the storage
modulus of PP in the range 2080 °C. The G’ curve of theternary formulatiorwas
clearly the mostfavorablein the range-50 — 60°C: this result is consistent with the
flexuraltests.
TKH WDQ/ FXUY HSERMdR Zhifted WeKIPoWPP, so the nanofiller and the
compatibiliserdidn’t have any influence omotion ofthe polymeric chainsAdding the
flame retardan{18 or 25 wt%)made the § peak less noticeablg=ig. ). TKH WDQ/
values of the EX based formulations were higher than those of the matrix in the range
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Figure 31. Storage modulus curvesthe first set of materials
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Figure 32. Tan/ curvesof the first set of materials.
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4.6.2. Second set of materials

The dynamiemechanical analysis of theecond set of materialeflectedthe
flexural propertieslt was seen that the addition of sepiolite particles did not induce any
significanteffect on the resin. The same result was observed after the addition of ET, 12
or 15 wt%.The presence dDSEP,instead, slightly improwiéthe characteristics ¢iP
in the temperature rangé0 — 60°C. The ternary formulationPR12ET/0.50SEP
obtained good results as wehe storagenodulus values werdearly higher than those
of PPin the range frond to 120°C (Fig. 33).
7KH W D Q shewedtiati all formulations haalmost the same trensip the presence
of flame retardant or nanofillers dmbt changeitherthe Ty or the damping properties.

——FPP
5x10° — PP/0.5SEP
—— PP/0.50SEP
o 4x10°- PP/12ET
o ——— PP/15SET
el PP/12ET/0.5SEP
= 3x10° —— PP/12ET/0.50SEP
IS
=
:135 2x10°
S
@ 1x10°
O I ' 1 ' I ¥ 1

60 40 -20 O 20 40 60 80 100 120
Temperature (°C)

Figure 33. Storage modulus as function of temperature.
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4.7. Rheological behavior

One of theaims of this chapter ig0 examinethe effects ofadditives (flame
retardants andanoparticle) on themelt flow behavior ofinvestigatedormulations at
high shear rateghis is an importantaspectgiven thatthe melt viscosity i€rucial for
industrial pocesseseven if a material had excellent fire and mechanical properties but
poor rheological properties, it would not be suitable for processes as injection molding,
making all the effort useless.
The melt viscosity of both sets of materials was studied atdtighar rates by using a
capillary rheometeWith regard tothe second set of materials, an addaicstudy at

low shear rates as performedo find anycluesabout theflammability properties

4.7.1. First set of materials

The melt viscosity of PP/1SERas a little lower than that of Pih the range
100600 1/s, aftethatthey were both identicallhe reason waprobably due to the
easier motion of polymeric chairmwving to the presence athe compatibiliser.The
addition of18 wt% EX led to an unusuakesult: at low shear rates, the viscositgs
higher than that of PP but the oppediehavior was observed at higfinear ratesThe
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addition of 25 wt% EX clearly increased the viscosity of the matrix in the range 1000
10000 1/s, so that percentage maderttaterial not very suitabfer processes such as
injection molding.The curve oPP/18EX/1SERhowed that the presence of bbllers
increased the melt viscosity of the material in all the used r@&ige35. The presence

of the agglomerates observbg SEM analysiscould explain such resulthey likely
made the motion and sliding of the polymeric chains more diffimuloccur This
difference of viscosity wa®vident if compared tdPP/18EX and PP, but it was

acceptable considering the very good fire properties.

Figure 35. Melt viscosity of the first set of materials.

4.7.2. Second set of materials

The melt viscosity of PP/0.5SEfasa little lower than that of Pid the whole
rangeof shear ratesxcept forL00001/s justashappened for PP/1SEPhis behavior
was attributedto the presence of the compatibilis&P/0.50SEP showed a pretty
evident decrease of viscosity compared to &$yat highshearrates(Fig. 36), owing
to the organicsurfactant inside the fillerAdding either12 or 15 Wt%ET didn’t induce
significant differences in comparison with Ffis was a confirm of the fine dispersion
of the intumescent additive through the matitix.the case oPP/12ET/0.SEPR no

partiaular effect was observed and tinelt viscosity was the same tie corresponding
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binary systemso the pristinenandiller didn’t play any role if mixed with the flame
retardantThe same outcome was obtained if OSEP was used instead of SEP.

Figure 36. Melt viscosity at high shear rates.

With the aimto gain furtherinsightsabout theflammability outcomes, in this case the
rheological analysisvas extendeat low shear rate.he hypothesis was fastify the

good flammability properties of PP/12ET/0.50SEP vaithincreas®f viscosity at low
shear rates

The neat matrix exhibited aadsical shear tinning behavidie inclusion of either 0.5

wt% SEP or OSEP increased the melt viscosity of PP over the entire frequency range
examined (Fig37). Considering the veriow amount of filler loading, the increase in
viscosity isan indication ofthe achievements of éine dspersion, muchbetter if
compared toan ordinary microcompositéAdding 12 or 15 wt%of Exolit AP766
obviously increased the complex viscosity. Adding SEP or OSEP to PP/12ET barely
shifted the viscosity curves diis binary formulationComparing the mebliscosity of
PP/12ET with PP/12ET/SEP and PP/12ET/OSEP did not deliver any indication of
improved flame retardancy, but wasnsistent with the similar intumescent behavior
and fire residue observed for these materials.

Analyzing G’ asa function of theshear rates can provide an indication aboutidgree

of dispersion of the fillers. In the terminal region #ie materials showed classical
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viscous fluid behavior (Fig38). It was interesting to noticthat OSEP nanoparticles
increased the storage mdulsi more than thabbservedin the presence of SEP,
confirming improved fillermatrix compatibility. Adding either 12 or 15 wt% of the
intumescent substanqaovided a small increase in the modulus. It was noted that
adding SEP or OSEto the flame retard& led toopposite effec the G’ curve of
PP/12ET/0.5SEP was less favorable than that of PP/12ET, but the ET/OSEP

formulation showed higher G’ values over the entire frequency range.

Figure 37. Complex viscosity as function of angular frequency.

Figure 38. G’ curves of the second set of materials.
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4.8. Morphology of composites

4.8.1. First set of materials

SEM images of PPr®wed thathe fracture surface wasetty smooth and free
of significant defectgFig. 39). Adding SEP didn’t changthe morphology, ecept br
random light spotewing tonanometric agglomerates of thiéer.

Figure 39. SEM micrographs of PRy and PP/1SEP] at 2000x magnification.

The fracture surface of PP/18EMdn’'t show any significant changes in comparison
with PP (Fig. 40). At 2000x magnification, PP/18EX/1SEP looked like the binary
formulation but an additional observation at higher magnification led to a surprising
outcomethe surface was almost complgtebvered of small particlggig. 41), whose
dimensions were around 100n. They were agglomeratesvolving flame retardant

and sepiolite and surely represengekkey factor to explain the verpgd fire properties
obtained bycone calorimetetest
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Figure 40. SEM micrographs of PP/18EX)(and PP/18EX/1SE®) at 2000x magnification.

Figure 41. SEM micrographs of PP/18EX/1SEP at 2000#)xahhd 50000xHk).

4.8.2. Second set of materials

Fig. 42 shows SEM micrographs of the materials contair$&d® or OSERt
500 and 5000xXT hereweren’t any significant differences between the two formulations,
alsobecause of the very limited quantity of fillers contained inside the resin.
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Figure 42. SEM micrographs oPP/0.5SEHRa, b); PP/0.50SERc, d); upper images at 500x, lower
images at 5000x.

Adding the flame retarad didn’'t change the morphology of the surfatevident way
(Fig. 43). Such result was also due to the not excessive amouEnahit AP 766.No
significant changes were observed between the two formulations, despite of the

differentpercentagef filler.
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Figure 43. PP/12ET(a, b) and PP/15ET(c, d); Upper images taken at 500x, lower images taken at
5000x.

With regard to thdernary formulations, the pictiseéaken at 500x showed that the
surface of PP/12ET/0.50SEP was compact and almost free of significan{Rigw4t)

if compared to PP/12ET/0.5SEP. The microgsaatt 5000x confirmedhe above
mentioned considerations.
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Figure 44. PP/12ET0.5SEPat 500x and 5000x magnificatiora,(b); PP/RET/0.50SEPat 500x and
5000x magnificationd, d).

Fig. 45 shows SEM micrographs of the fire residue surfatéhe materialsAll of
themshowedsimilar structuren the microscopic scal&he surface of theesidues was
avery compact structuravith only a few holes and crackbhis feature was surely the
reason othelargeprotective layeeffect observed during the cone calorimeter analysis.
At larger magification (Fig. %) it was possible to notice interestimhifferences.
Different agglomerates bawme visible a number ofsepiolite nanoparticles, which
probably appea&don the surfacduring the combustion testiereevident in theaernary
systemsand gave rise to more rugged surfacen the case of ETJSEP based
formulation. This featurecould be relatedd the different fire performancésit wasn'’t

enough to explaisuch characteristics.
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Figure 45. SEM micrographs of the cone residu®P/12ET &), PP/15ET(b) , PP/12ET/0.5SERC),
PP/12ET/0.50SERI}; 500x.

Figure 46. SEM micrographs of PP/12ET/0.5SE4} &nd PP/12ET/0.50SEB)( 5000x magnification.

TEM micrographs of PP/0.5SEP showed that the nanofiller was rfotmatyi dispersed
as exfoliategarticles in the matrix buggglomerates 30000 nm in size were observed
and there was a lack of separated single particles g#g. PP/0.50SEP samples
showed a morphology similar to that of PP/0.5SEP, despite the preséribe
surfactant used to modify the nanofilleAs a consequencehdse two binary
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formulationsmay be classified as on the border between very fine microcomposites and
real nanocomposites. This lack of dispersion sggposed t@xplain the very limited
effect ofthese nanofiller;n PP/SEP and PP/OSEP materials.

With regard to the ternary systems, there was a significant differencETIRESEP
formulation showed muchetter filler dispersio if compared to the ET/SEP one (Fig.
48). Such resultwas consistent with the impred flammability and fire properties
detected fothis material.

Figure 47. TEM micrographs of PP/0.5SER, b) and PP/0.50SER,(d).
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Figure 48. TEM micrographs of PP/12ET/0.5SE® ) andPP/12ET/0.50SER:(d).

4.9. Conclusions

In this work thethermal, fire, mechanical and rheological propertiesvof sets
of polypropylenebased compoundslled with intumescent substances and sepiolite,
either pristine or modified, werénvestigated The thermal behaviowas analyzedby
thermogravimetry,the fire behavior was observed by flammability tests andne
calorimetermeasurementsThe melt viscosity, at high or low shear rates, allowed to
study the processability of the investigated formatatndthe degree of dispersion of
the additives. The mechanical tests instead highlighteeftbet of the fillers on the

flexural and impact properties.
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About the first set of materialsheg TGA showed that the addition of sepiolite
coupled with Exolit AP750 could improve the thermal stability of PP, as pointed out by
the lower mass loss rate and increased residue ¥a&line sepiolitealone slightly
worsened thélammability propertiesof the resirbut, when coupled with Exolit AP750,
gave rise to a synergic effefdr the fire behavior.The forced combustion analysis
confirmedwhat written above: alhe main parameters, such as HRR, THR and TSP,
highlighted a fire behavior very simildbetween PP/25EX and PP/18EX/1SHipe
flexural tests showed thalhe simultaneous presence of sepiolite and flame retardant
enhanced the modulus (+13.4% compared to PP). The dynamic mechanical analysis
results were in accordance with the flexural pragerwith regard to the rheological
behaviorat high shear ratethe melt viscosity of PP/18EX/1SEP was lower than that of
PP/25EX but still higher in comparison to the resin. Anyway this feature was not a
serious drawback if the good fire propertiestitd ternary formulatiorare taken into
account. The existence of many nanometric agglomerates of sepiolite and flame
retardant(observed by SEM) wasost likely a key factor for the fire and mechanical
properties.

The characterization of theecond set fomaterialspointed out the synergic
effect between organically modified sepiolite and Exolit AR7Bte UL-94, LOI and
cone calorimeter tests showed that 0.5 wt% OSEP could boost the efficiency of the
flame retardant: the flammability and fire propertdsPP/12ET/0.50SEP were even
better than those of PP/15ET, despite the lower amount of ET used. This result was due
to theformationof a very effectivechar layer at high temperatures which prevents the
oxygen and heat exchangéhe flexural and impact $&s proved that OSEP, thanks to
the high compatibility with the resin, could improve the mechanical behavior of PP. The
rheological and morphologal analysis showed that OSEP was very well dispersed
throughout the matrixproviding an addition explanatioof the good fire properties
despite the low amount used.

Overall, this researchwork has shown the effectivenesssepiolite as synergic agents
for flame retardants. Particularly, the very godidpersion of small percentages of
OSEPseems to be promising terms offire behavior,allowingto reduce the amount of

flame retardantormally required to dgeve a good fire safety.
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