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Summary

In this PhD thesis the properties of highly filledmposites, consisting of poly(ethylene-
co-vinyl acetate) as matrix with different natufélers, have been studied in order to
understand how the presence of fillers can modiin@osites behaviour depending on
their specific properties. The physicochemical prtips of the chosen natural fillers
have been analysed in comparison with two syntHékers in order to point out the
main differences.

Rheological properties of the highly filled EVA cpwosites have been studied, taking
into account the effects of shear rate, temperaacein particular filler properties and
concentration. A theoretical approach has beeriepph the rheological results in order
to rationalize and find indications about fillerspersion and its main effects on
composite properties. Processing phenomena of caiteppsuch as swelling and surface
roughness of the extrudates, have been analysadien to evaluate how the differences
among filler properties can affect the melt elasstibehaviour. Filler properties influence
has been evaluated also on mechanical behaviotineotomposites to point out the
reinforcing and elongation behaviour of the matsria

Thermal degradation behaviour of pristine EVA inmgarison with the composites has
been studied in order to understand how the intolu of the natural fillers affect the
degradation mechanism of polymer; particular aibenbhas been given to the behaviour
of composites filled with natural carbonates.

Flame retardant properties of EVA composite filledh natural magnesium hydroxide
have been investigated alone and in combinatioh watiter flame retardant additives, in
order to find positive effects on performance redgdhe total amount of filler. In this
regard a screening study with a parameterizatiothodeof flame retardant behaviour
has been developed and applied to a set of adsliimeorder to evaluate their
performance in combination with the natural magmashydroxide.

A specific combination of EVA composite filled withagnesium hydroxide, including a
silicon and a boron containing additives, has bheeestigated by applying chemometric
approach in order to rationalize the flame retardemaviour of the system and to tailor
formulations with the desired properties.



Vi



Index

L. INEFOAUCTION ...ttt s e e e e e e e e e e e e e e eeeeeesseessmnmnnssnnne 1
1.1. Fillers for polymeric COMPOSILES .......commeeeeeerriiiiiniiiaaeeeeeeeeeeeeeeeeeserennnneeeennene 1
1.1.1. Natural magnesium hydroxide (Hy), magmestarbonate (Mf) and calcium

(o= 1 oo ] 0 F= 1 U= TN (5] 1Y, ) PP 6.

1.2. Polyolefin highly filled COMPOSILES .....cceeeririiiiiiiiiiiieeieiieeeee e 8
1.2.1. Rheological behaviour of highly filledmposites ...........ccccvvviiiiiiiiiiiinnnnn. 13
1.2.1.1. Melt elasticity phenomena in eXtusl..............ccoovveeeeiiiiiiiniiine e 18
1.3. Fire retardant fillers for COMPOSIES ......ccceeeeiiiiiiiieeerrr e 22

1.3.1. Halogen Free Flame Retardant additivesmbination with inorganic fillerR7

1.4. Objectives Of the WOTK .............uuuimmmmmn e e e e e e e e e e e e 33
2. EXPENMENTAI PANT......oieiiiiiiiiiee ettt 35
2.1 MALEIIAUS ...ttt ettt e e e e e 35
2.2. Instruments and MELNOAS ..............ommmmme e e et 36
3. Results and diSCUSSIQN.........cciiuiriiiieeeiiiiiiie e e eee e e e e snrreee e e s nnnneee s A3

3.1. Use of natural fillers in highly filled EVA oaposites for cable application:

rheological, morphological, mechanical amerinal properties ............c..c..u.... 43..
3.1.1. Morphological, physicochemical and thdrdeggradation properties of
11111 £ OO RURRPPPPPPRRRY 43
3.1.2. Rheological properties of the highlyefdlEVA compounds: effect of shear rate,
filler type, temperature and fillealing.................ovviiiiiiii e 51
3.1.2.1. Theoretical approach for evaluatibfiller volume fraction and properties
influence on rheological behawiof Hy filled EVA composite ............. 58
3.1.3. Extrudate swell and surface aesthetititgua highly filled EVA composites
with natural magnesium hydroxide (Hy)..........oovvviiiiiiiiiiiieeeeeeeeeee, 66
3.1.4. Mechanical properties of the highly filles&Acompounds ..............cceennn . 29
3.1.5. Thermal degradation behaviour of the lyiflhed EVA composites ............ 85
3.1.5.1. TGA study of the natural fillers (Hyif and SM) influence on EVA thermal
Aegradation..........cccooiiiiiei e ———————— 85

\1



3.1.5.2. FTIR study of the evolved gasesmduthermal degradation of natural

carbonates SM and Mf filled EAMPOSItES........cccoeeeiiiiiiiiiiiiiiiiiiiieee 38
3.2. Flame retardant properties of EVA compositediwith natural magnesium
hydroxide (Hy) in combination with otherrft@ retardant additives ................. 98..
3.2.1. Flame retardant characterization of E\éAposite with natural magnesium
0770 [0 )T [ U Q9
3.2.2. Screening study on flame retardant adeiitin combination with natural
magnesium hydroxide and their perfaro ... 101

3.2.3. Study on a quaternary system based on hatagnesium hydroxide filled EVA
(00] 1 0] 01017 | =SSP RPPPPTPTPRPPPPT 112

3.2.3.1. Experimental design approach: camgs, formulations and parametet$3
3.2.3.2. Evaluation of components influenndlame retardant behaviour of the

)Y A1 (=] 1 0 T PP RPPRP 120

3.2.3.3. Search faptimal COMPOSIIONS ..........evvureiiiiiieieee e e 135

4. CONCIUSIONS. ...ttt ettt e ettt e e e e e e e e e e e e e e s s s s b e e eeee s 142
BIDlOGIrapNY ... e 147
APPENDIDX | ittt ettt e e e e e e e e bbb e e ee e 153
APPENDIX Hleciiiiieeeeeeee ettt ettt e e e e e e s e bbb nee s 157

Vil



1. Introduction

1.1. Fillers for polymeric composites

Originally fillers were introduced into polymericaterials in order to reduce the total
cost of the compounds. Nowadays, it is ascertathad fillers enhance also specific
properties of the materials and for this reason tdven functional filler has been
introduced: there are a lot of fillers used forfeliént applications due to their
functionalities. One of the most important factasll influent on the industrial use of
filler for polymer application, is their cost, ddifent for each filler type and affected by
raw material, production, transports and their Hjpeproperties. A wide variety of
fillers can be found, which are different for thpimoperties and origin. Their behaviour in
the polymeric composite is deeply influenced by ynéectors, such as morphology,
colour, refractive index, presence of impuritiegnsity, hardness, moisture content,
thermal stability, modulus, surface chemistry amddity.

The morphology of fillers can be considered the k#yunderstanding their performance
in polymers and it includes particle size, shapg&fase area and particle packing
capacity. All these properties are related to ti@gry particles composing the filler, but
it must be taken into account that fillers can lgasorm assemblies defined as
aggregates, with very strong interaction among paticles, and agglomerates,
characterized by weaker interactions. The tendefde filler to assembly influences
strongly the dispersion in the compound, even itah be possible to break down
aggregates and agglomerates by increasing the gsiogeconditions severity and so

dispersion energy(Figure 1.1.1).
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Figure 1.1.1:Different particle forms of dispersion of fillem compounds, depending on the applied
dispersion energy.

The size, the specific surface area and the shhpge@articles are strictly correlated
each other. The most used parameter is the pastedeand the distribution, but often the
irregularity of the shapes makes its determinatjaite difficult and not so meaningful.
The concept of equivalent spherical diaméesly is diffused for size identification and
it corresponds to the diameter of a sphere havnegsame volume of the particle; the
main defect of its use as indicative parameterhat fillers with different particle
characteristics (porosity, surface roughness, shef can have the same esd. In
technical datasheets, for practicalness, the padize and distribution (PSD) are usually
given by the average diameter values of partictegiféerent percentage (indicated as
D10, Dso, Dgo).
The main parameter introduced for the determinatioparticle shape is the aspect ratio,
which is really useful for distinguishing anisotro@nd isotropic particles. It represents
the ratio of the length to the diameter of a rodpbthe thickness to the diameter of
plates and its value is 1 for a sphere; for fitbaracterized by irregular shape it is not
easy to obtain an average significant value. Battigle size and shape play an essential
role in determining how the particles can pack togg.
Specific surface area (SSA) describes the areartitjes surface for weight unit of filler
and its determination gives an idea of the surtacalable for polymer in composite:

higher specific surface area commonly correspoondmadre possibility of interaction



points between filler and matrix. It is deeply tethto the particle size of the filler and
usually higher is the size and smaller is the sarfrea.

It is important to underline that all these factoosild be changed by processing of filler
in the compounds: especially in case of "soft"efsl, particles breakdown can occur
generating different shape, size and additionatiipesurface area.

One of the main aspects influencing filler propestiis their origin: the use of natural or
synthetic fillers can involve different productidevices and final product properties due
to their different characteristit$' >

Table 1.1.1:Key properties of some common fillers.

Mohs

Filler Chemical formula Shape Colour  Density .
Carbon black C (83-99%) spherical black 1.7-1.9 1
P_r_eC|p|tated SIO, spherical white 2.0 7
silica
Aluminium spherical/ .
hydroxide Al(OH); platy white 2.3-24 -
Magnesium platy : )
hydroxide Mg(OH), (hexagonal) white 2.3
Calcium . .
carbonate CaCQ spherical white 2.7 3
Magnesium , white/
carbonate MgCO; irregular brown 2.9 4
Huntite/ MgsCa(CQ),/ irreqular white/ i i
hydromagnesite MgCO;.Mg(OH),.4H,0 g brown

: rey/
Talc M@s(SizO010)(OH), platy \?vhi{e 2.7 1
. : white/
Mica KM(AISi30;0)(OH), platy brown 2.8-2.9 2-2.5

. : white/

Kaolin Al,03.2Si0,.2H,0 platy brown 2.6 2.5-3

Synthetic fillers

Synthetic fillers are commonly produced by preeifdn and usually synthetic routes are
chosen when the desired natural mineral is notlabai and/or high purity, particular
shapes and sizes are required than that obtaifa@batural fillers; obviously the cost of
the final product is higher due to the necessamymaterials, production routes and final
properties.

Among the synthetic fillers carbon black is the meglely used especially for elastomer

applications due to its electrical properties andase capacity of interacting strongly



with elastomer molecules without the use of couplagent treatments. The main
properties required to the carbon black incorporatiare colour and electrical
conductivity.

Synthetic silica can be found as precipitated ailend fumed silica, different for
production method, cost and thus applicdtidtrecipitated silica is not expensive and it
has been used mostly for rubber applications (tsresfootwear), while fumed silica is
one of the most expensive fillers because it isdpced by controlled combustion of
compounds like silicon tetrachloride, so its userestricted to silicone elastomer
materials.

Precipitated calcium carbonate (PCC) is used mestl\speciality” polymer filler, even
if the main use is for paper production. Naturdticen carbonate is usually quite pure so
the production of synthetic calcium carbonate iseseary when very fine sizes and
narrow PSD are required.

Aluminium trihydroxide (ATH) is obtained by syntletroutes from gibbsite-containing
rocks as bauxite. Bayer process is the first toded and still the most important (about
60% of ATH fire retardant market by volume) for c&a form and fine precipitated
grade&. The process consists of extraction of gibbsitenfrbauxite ores, followed by
precipitation. The obtained ATH is a coarse formareleterized by high particle size (up
to 750um) and high presence of aggregat@hese are milled to produce finer size form
of Bayer hydrate (0.25-gum of particle size), suitable for polymer applicati The
production of higher quality ATH products followsmslar chemical steps of Bayer
process with the use of purer reagents and coatrgiecipitation conditions in order to
obtain directly required particle shape and sizejding milling step. It represents one of
the principal polymer fillers (650000 tonnes a ye#re main applicative uses of ATH
are for flame retardant composites based on ela&stonthermosetting and thermoplastic
matrices (90% of the usage) and in solid surfacaleee its composites are characterized
by good performance and mostly desirable aesthettty.

Magnesium hydroxide can be commercially found ak batural and synthetic filler, but
most of the filler grade product is synthetic, desghe high number of natural deposits
of brucite in China and in North America. The twoaim synthetic process are
hydropyrolysis and hydrothermal, which both go tlgio a solution stage (magnesium

chloride) for purification and then the treatmemtparified solution by using different



methods. The main uses of magnesium hydroxide arepharmaceuticals, water
treatment and for conferring flame retardant progerto polymeric materials. Its
performances are quite similar to ATH, but the bgtt production processes are
significantly more expensive and so it is usualbed only when more thermal stable

filler is necessary.

Natural fillers

Natural fillers come from natural mineral sourc&swhich must be abundant, low cost,
colourless, inert and easily convertible in fillgith the required particle size. The raw
materials are obtained by mining, followed by aietgr of processes depending on the
desired final properties, such as comminution, frpation, classification, calcination,
surface treatment and drying. The main problenh& the commercial form of fillers
from natural sources may still contain significgoiantities of other minerals as well as
other constituents, so it must be considered ij te:n be deleterious for the intended
application.

Carbonates, silicates, hydroxides, together widndélé of them can be found in natural
deposits and they represent most of the minetatdiused for polymer applications.
Metal carbonates, in particular calcium carbonate,the most common natural fillers.
Ground calcium carbonate (GCC) is widely used wagety of polymers and the main
applications are in PVC, polypropylene, polyethglerelastomers and unsaturated
polyester. Due to the high purity at which it canfbund in nature, it is generally very
white and its price usually increases with whiten&3alcite is the most used crystal form
of calcium carbonate, with usually isotropic pdedistructure of the filler. It can be
produced from three different mineral sources saglthalk, limestone and marble: the
origin influences deeply the final properties oé thiler because they are characterized
by different hardness and purity.

Natural magnesium carbonate is natural magneshehws mostly used for refractory
application. It is characterized by very high Mdtessdness (4) and specific gravity (2.9-
3) (Table 1.1.1): these are often considered aldas#age especially because of the high
milling costs for production.

Huntite/hydromagnesite is a natural physical blehthagnesium calcium carbonate and

magnesium hydroxy-carbonate: the ratios vary betwkeand 30% of huntite and 60-



70% hydromagnesite and specific gravity dependshenratio. The main deposits are
present in Turkey and Greece and the level of iitiparis very low. The blend has
gained importance for flame retardant propertiegdtymer application, but it is mostly
appreciated for reinforcing effect in rubber compads due to their lamellar shape form
and high surface area of patrticles.

A large amount of natural fillers are characterizmgdlayered crystal structure, where
sheets of different composition are stacked togetiie/an der Waal's forces. The main
are talc, mica and clays (like kaolin), which anelely used especially as reinforcement
agents for polymer application due to their genkigth aspect ratio, high specific surface
of particles and the good dispersion can be acti@aveeompound. In particular in the
last decades nanosized layered clays have gaite@stt they are composed by silicate
stacks, potentially able to separate down in shedts a thickness on the order of
nanometers. The incorporation of such fillers idypwers have been widely studied
especially in order to maximize their dispersion tite matrix: it is reported that
nanocomposites with good dispersion show improvefthess, heat distorsion, gas
barrier and flame retardancy of polymeric materiasly with few percentage

incorporated.

1.1.1. Natural magnesium hydroxide (Hy), magnesiurnarbonate (Mf) and calcium
carbonate (SM)

The three natural fillers, which could be consideas the "main characters" of this PhD
thesis research, are a magnesium hydroxide, magnesiarbonate and calcium
carbonate, indicated &b/, Mf andSM respectively as abbreviations of their commercial
names. They are produced by the same industriaepsoby the italian company Nuova
Sima, even if they come from different deposit areln fact the main difference among
the fillers, in addition to the chemical compositigs their origin: Hy is a natural mineral
brucite coming from far East of Asia (most from @), Mf is a natural magnesite
coming from Turkey and only SM comes from lItalyke¢a from a limestone majolica
quarry in the area close to the company plant.

The production process is reported in the schenkégure 1.1.1.1.
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Figure 1.1.1.1:Scheme of the production process of Hy, Mf andfiiists.

The mineral stones used as raw materials are dimsthed down and then ground
repeatedly; crushing/grinding step is followed bevelg process, which can be
composed by two steps, depending on the desiret sies of the filler. These steps are
the most important for the properties of the fipabduct, because they influence the
particle size and its distribution: for each kinfiler it is possible to have different
types of product due to the obtainable averageicparsize and this aspect deeply
influences its final application. For example it psssible to find a range of natural
magnesium hydroxide products from goetween 1.5-Z2um, which is the finest and
most expensive, to asparound 15-2Qum. A further optional step in the productive
process, mostly used on products for polymer agftins, is the treatment of filler
surface with organic compounds in order to imprdbe filler-matrix interfacial
adhesion. The common coating applied on these aldillers is stearic acid especially

for magnesium hydroxide and calcium carbonate.



The main applications of these fillers are for wvsinnndustries and plastic materials. Hy
and Mf are used for improving flame retardant prips of compounds for electrical
cables, roofing, buildings, transport, etc. In gattar natural magnesium hydroxide (Hy)
has been introduced in patented compositions fersimoke self-extinguishing cables by
Prysmian (former Pirelli Cavi e Sistertfi) the use of some of Hy products (different
average particle size and/or surface treatmentjdisated alone or in combination with
synthetic magnesium hydroxide in order to guarafiteee retardant performance.

The common matrices for the incorporation of théure flame retardant fillers are
thermoplastic polyolefin materials like polypropyéeand polyethylene, together with its
copolymers, such as ethylene-vinyl acetate (EVA)ylene-alkyl acrylate (EMA,EBA
and EEA), metallocene copolymer ethylene-octene BDRE) and ethylene-propylene
(EPR/EPDM). However magnesium hydroxide (Hy) andbcaate (Mf) have been
suggested as flame retardant filler suitable alsarubber, thermosetting and PVC
compounds: it has been found that Hy and Mf carused in partial substitution of
antimony trioxide (SHD3), the most popular flame retardant agent in PV@pmaunds, in
order to maintain or improve the final flame retart properties reducing the smoke

toxicity during combustion.

1.2. Polyolefin highly filled composites
Polymeric composite materials are defined as potgnfided with solid particulate or
fibrous fillers of organic and inorganic nature.eyhare heterophasic polymer systems,
composed by two or more phases, which can inteh other. Lipatd¥ classified the
polymeric composite materials in three main systerosording to the types of the
components introduced in the polymer matrix:
* polymers filled with particulate or fibrous minerahd organic fillers, such as
talc, chalk, carbon black, silica, polymeric powsjestc;
» reinforced polymers with continuous reinforcing riganic and organic fibers,
which are distributed in definite way in the matrix
* polymer blend of polymeric components which are tleérmodynamically
compatible and form different phases with defindistribution of the phase
separation regions.



The final properties of composites are the restlthe composition, structure and
influence of single components properties togettidr the interphase phenomena. This
means that introducing filler into a polymeric nré&k cannot be considered only a
method of modification of polymer, but it represetiie creation of new material with
different properties. In particular fillers introcked are chosen in order to obtain materials
with improved specific properties, such as mectanieinforcement, thermal stability
and flame retardancy.

As reported in the previous paragraph, filler sarel filler structure, together with the
level of dispersion, are the main factors affecting final properties of the composites.
Even the amount of filler in the composites infloes greatly the properties and it
depends on filler characteristics and functionaliijer with very high specific surface
area such as nanofiller can give the desired mecdlaznd gas barrier properties with
very low percentage (usually less than 10 wt%) afpersed fillet’, while for
compounds with flame retardant fillers (microsizatles), such as hydroxides, high
amounts are necessary for obtaining acceptablé (eseally more than 50 wt%)
Polyolefins are among the most interesting polymeamatrices for highly filled
composites from the applicative point of view: espky polypropylene and
polyethylene (and copolymers) based composites aff@ariety of uses in different fields
of application (construction, electric and electcompplications, transportation, etc)
involving different types of functional filler.

The interactions, which take place in a particufdlied polymer, are particle-particle and
particle-matrix interactions. Particle-particle d@rdction is of great importance in
influencing the dispersion of the filler in highfiled composites, even if it is often
neglected; this kind of interactions are mainlyedetined by the size and distribution of
the filler particles. Usually more importance isvan to particle-matrix interaction as
interfacial adhesion between filler and polymerage. In fact it is considered the most
influent factor responsible for mechanical behawrioti polymer composite. Leong et
al** studied the effect of talc, calcium carbonate kamlin on the mechanical properties
of PP composites. The results showed that stremghstiffness of talc/PP composites
were higher than the others, while the elongatidireak decreased more with increasing
talc loading than with calcium carbonate and kadlime effects were evaluated in terms

of interfacial interactions: as shown in Figure.1.for talc/PP sample, talc particles are



deeply embedded in the fracture surface, indicagimod filler-matrix interaction, while
CaCQ patrticles interact weakly with the matrix due ke tevidence of cavities around
filler. In the case of kaolin/PP the mechanical &abur was mostly influenced by
particle-particle interactions, which took to detental aggregates formations (circle in
Figure 1.2.1 c).

Figure 1.2.1: SEM micrographs of PP composites with 30 wt% afé) (filler embedded into the matrix),
b) calcium carbonate (weak bonding of the fillethe matrix) and c) kaolin (presence of aggregates)
It is possible to highlight that both the typesrdkraction depend strongly on the nature
of filler and of polymer matrix. The understandioigthese interactions is crucial for the
final properties of the composites as they can dadly problematic: as reported, for
example, in the case of carbon bfEckaolin, etc, high particle-particle interactions
can create strong aggregates of filler, which dgffecdlt to destroy also at high shear of
processing and that are detrimental especially tfe¥ mechanical properties of
composites.
Filler-matrix interactions can also be determinfantthe thermal behaviour of polyolefin
composites, as it has been reported by a variespunfie$®*® mainly on polypropylene

composites. Polymer morphology and the structupes such as crystallinity, size of
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crystallites and spherulites can be changes ddmplthe incorporation of filler. This
effect is due to the nucleating activity of fillerashich depends on many factors,
including surface energy, ion spacing and staiggfregation. The incorporation of high
amount of inorganic fillers takes to the strongra@ase of nucleating sites, which
influence the crystallization level and so the iing@ morphology of the composite.
Liauw et al'® studied the thermal effect of aluminium hydroxidePP matrix by using
dynamic differential scanning calorimetry: they fouthat ATH acted as nucleating
agent and the effect increased by increasing treuatrof filler (from 35 to 70 wt%) due
to the higher viscosity induced to the system. Effect has been explained by the
orientation of polymer chains in the melt and ingg@ment of the aligned molecules
against filler particle surface: higher is thedillcontent, higher is the stability of the
crystalline structur@.

The addition of rigid particles to polymers infl&s a number of mechanical effétts
such as stiffness, stress, modulus, elongatiorepcresistance and fracture toughness.
Obviously all these parameters are dependent onptbperties of the reinforcing
particles and in literature it is possible to fiadvariety of theories and equations
developed in order to describe how these paramatfst the macroscopic mechanical
behaviour of filled polymefé. Polyethylene and polypropylene can be succegsfull
toughened with the introduction of rigid particlesich as calcium carbonate. Fu ef*al.
24 analysed the dependence of impact toughness ofBHLHCQ on concentration and
particle size. They reported that both filler laagliand size were really influent on
impact strength of composites as shown in Figu2ze2land in particular smaller was the
average patrticle size and higher was the impaehgth; furthermore they observed that
the incorporation of calcium carbonate with narrparticle size distribution resulted
more effective for toughening HDPE. The fine digpi@n of CaCQ particles and the
interphase adhesion have been indicated as criagtdrs for the improvements of

mechanical behaviour of composite.
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Figure 1.2.2:Impact strength of HDPE/CaG®©@omposites as a function of Cagloadings and size.
CaCQaverage particle diametaurf) are a) 6.66; b) 7.44; c) 15.9.

Surface treatment is a common method for changotg particle-particle and particle-
matrix interactions especially for polyolefin comymuls. It takes to combined
modification of composite properties and it is oftesed for evaluating the presence and
the degree of interactions: the starting pointie hydrophilic feature of mineral fillers
promotes difficulty to combine with most polyolefimaterials, which are usually
hydrophobic. The modification of filler surface tvilow molecular weight organic
species contributes in preventing sedimentationiangducing agglomeration (aid for
dispersion), taking to the desired properties, @sfig for wire and cabling application
system&. Four main classes of modification can be recagfifz

1. non-reactive treatment by using amphoteric surfasta

2. reactive treatment such as coupling agents, mosgignosilanes;

3. compatibilizers based on functionalized polymeke Imaleic anhydride grafted

polymers (polymeg-MA);
4. encapsulation of filler with elastomers or use widtionalized elastomers during
composite processifg

Stearic acid is one of the most used non-reactigatrhent, especially for calcium
carbonate and it has shown great contribute to arecal properties of highly filled
composites. Zuiderduin et @l.reported that calcium carbonate particles treatit
stearic acid showed a larger increase in impa&ngth than the untreated in PP
composites. They attributed the effect to the inaptb dispersion due to the lower

particle-particle interaction induced by organi@ating. Even the tensile properties were
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modified and specifically in Figure 1.2.3 the retimc effect of stearic acid treated
calcium carbonate on tensile strength of PP congm$s reported: higher is the filler

surface coverage and lower is the obtained strength

Tensile strength (MPa)
as 2

15 = —— i .
o 0.1 D.2 0.3 0.4

Volume fraction of filler

Figure 1.2.3: Effetc of non-reactive surface treatment of a Caflller with stearic acid on the tensile
strength of PP composites (circles: non-treatéahgtes: 75% surface coverage; squares: 100% surfac
coverage).
Polymeric compatibilizers are also widely used ifmproving interfacial adhesion in
composites, especially because they are of graatipalness in industrial compounding.

Azizi et al?®

analysed the effect of RPMA on the mechanical properties of PP/CaCO
PP/talc and their mixture. They point out that itheorporation of compatibilizer took to

the increase in tensile strength and in tensile utusd compared to the composites
without compatibilizer. Moreover impact strengtlerieased with compatibilizer in both
the case of talc and carbonate, due to the batipeidion of the fillers, which allows the

impact energy to be more uniformly distributed.

1.2.1. Rheological behaviour of highly filled compsites

The study of the rheological properties of highlefl composites is of great importance
due to the applicative consequences they havearegsing: the rheological phenomena
resulting from the high filler contents must be ersood for an objective formulation

design and process control.
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The processabilifi) of a material is sure to be altered by the addlitibparticulate fillers
and it is usually measured by melt flow tests, sasMelt Flow Rate tests, which is the
most practical and used in the industrial fieldgqtee rheometer and capillary rheometer,
which is adequate for characterization of contirsuflow in well-defined tubes and it
correlates directly with common production procebs.the case of concentrated
suspensions, another common method for flow pragserevaluation is rotational
rheometry, used both for continuous rotational feEovd dynamic properties.

Highly filled composites are the most difficult $g1s to study from a rheological point
of view and the existing theories remain enablg@redict all the complex aspects of
rheological properties of concentrated suspensisome of the perturbating effects can
lead to misinterpretation of rheological data sastwall slip, entrance pressure, fracture,
migration, edge effects, élc for this reason, when it is possible, many stsidigmore
and/or approximate some of these effects in ordeoltain an indicative and faster
evaluation of the filler properties influence.

Generally the rheological characterization of cosi@s involves shear viscosity
dependence on shear stress and shear rate, etoraaiscosity behaviour depending on
uniaxial extension and complex dynamic modulus ddpece on applied frequeriGy
The introduction of high amount of filler is genlyaelated to increased viscosity and
moduli over the whole range of shear rates anduéeges, influencing deeply the
factors (temperature, pressure, etc) necessamrémessing such materials and thus the
cost of production.

The flow behaviour of polymer suspensions contgniigid fillers is also strongly
affected by filler properties, including particlee, morphology, surface chemistry and
concentration. For this reason it is quite difftdnl find general and absolute conclusions
about rheological behaviour of composite filled wdifferent types of filler due to the
influence they have on the internal structure efraterials. A lot of works deal with the
experimental analysis of rheology of highly filleystem, but most of them consider
"model fillers”, which are synthetic and characded by regular shape and narrow
particle size distribution. Most of these studiesmaern with the use of carbon blatk
and calcium carbonate in elastomers and polyolefiterials (mostly PP and PE), due to

their considerable use and diffusion especially dable and wire production fields.
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However in the last decades great interest forraypes of fillers, such as nanofillers
and flame retardant hydroxides has grawn

Kaully et al®** %

analysed the effect of different content of ndtwalcium carbonate
(until 70 wt%) and particle size distributions dmetrheological behaviour of PDMS
suspensions by using capillary rheometer and asmilf rotational rheometer. They
highlighted, beyond the general tendency of vidgamnd shear moduli to increase with
increasing filler loading, shear thickening effe@s high filler content due to the
tendency of structuring of the material; they atsticated particle size distribution as the
most influent parameter on flow behaviour amonigffiproperties (increase of PSD led
to a decrease in viscosity). Yang ef%studied the effects of particle size and contént o
PP composites filled with a mixture of magnesiurd atuminium hydroxide by using a
melt flow rate instrument and varying both load aedhperature. They found out that
apparent melt viscosity increased roughly lineavith the increase of flame retardant
mixture content and that it was affected by pagtisize. As reported in Figure 1.2.1.1,
when the average diameter of particle is smallanth um, viscosity increases with
increasing particle size of fillers, while it rechscwith a further increase of particle size
at all the considered temperatures. They explathat when particle size exceeded a
specific value, the distance among particles irsgdaand consequently the flow
resistance of polymer decreased.
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Figure 1.2.1.1:Influence of average particles diameter on viggasi PP/AI(OHYMg(OH), composite.

The considerable increase of melt viscosity witghhiiller content is mostly related to

the hydrodynamic force effects caused by the prEsei solid particles within the
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system, which hinder the flow of the n7éltAt high solid concentration the straining
motion is concentrated on the small interstitisddaeen particles, which are present in
the composite structure. At low shear rates, visg@sn show an additional significant
increase, which corresponds to the effect of ysdldss. Yield stress is the applied stress
necessary to exceed in order to make a structluetiffowing and it strongly depends
on particle-particle interactions forming a strarejwork: for this reason the presence of
yield stress seems to be mainly associated withl gmadicle fillers, that have higher
specific surface and thus they can interact mohe yield stress effect is observed as
unbounded viscosity at low shear stress for shisapsity or as low frequency plateau in
the dynamic moduif.

Generally the determination of shear yield stresaes out from direct measurements at
very low shear stresses (frequencies) or by applitve extrapolation of capillary and
dynamic viscosity measurements to zero shear eats if the latter usually leads to an
overstimation of yield values. Osanaiye et ahnalysed the rheological properties of
EPDM with the introduction of carbon black over al&vrange of stresses. At low shear
they highlighted the presence of yield stress ftbenlower concentration used (20%), as
shown in Figure 1.2.1.2: it is possible to apprecine sudden increase of viscosity

corresponding only to the elastic deformation ef timaterial.
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Figure 1.2.1.2: Shear viscosity versus shear stress for purdilgeaticompounds of EPDM at different
filler loadings (at 100°C).
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At higher shear rate values, the gel-like structarened by particle-particle interactions
is progressively destroyed and its influence orosgty can be neglected: melt viscosity
of particle filled polymer depends mostly on theeally reported hydrodynamic
behaviouf®.

Another important factor affecting the rheologicpioperties is the presence of
aggregates and/or agglomerates, which have bedredtéor their structure and their
influencé *2 In general for the filled composites, the phenoameinfluences deeply the
maximum volume loading of filler that the polymeancincorporate, commonly called
maximum packing fraction. For equivalent volumecfian, the real packing will be
lower for the system with aggregates and so emigegadymer than that without,
indicating a lower capacity of the composite ofegtng filler. In order to understand
this kind of influence, in Figure 1.2.1.3 the retiloic of maximum packing fraction as a
function of the number of particles forming a spteraggregate is report&dthe higher
the number of particles forming a sphere, the lothermaximum packing fraction. The
same effect can be achieved if the particle appa@ome fraction becomes higher due
to the formation of linked polymer on the fillerrgace for the presence of strong matrix-

filler interactioné®.
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Figure 1.2.1.3:Effect of aggregation on maximum filler conceritvat

As reported in the previous paragraph, the most usethod for influencing and
studying patrticle-particle and particle-polymereiraictions is the surface treatment of
fillers: it has a very strong influence on the dogocal behaviour of highly filled
composites and for this reason, together with tieatgapplicative interest, there is a wide

variety of works in literaturg ** %> The presence of an organic layer as coating en th
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particles surface reduces the tendency to aggldioeraf particles and the resulting
rheological effects are the general reduction etesity and of the yield stress effect at

lower shedf.

1.2.1.1. Melt elasticity phenomena in extrusion

Melt elasticity behaviour is an important aspectpolymer processing connected to
rheological properties of materials and it is eatdd by analysis of swelling tendency
and of surface morphology of extrudated productse ®ccurrence of swelling and/or
surface defects on extrudates over a certain @rifbear rate can limit the use of high
shear rate, thus indicating a reduced productiamany practical polymer process, such
as calendering, extrusion, film-blowing, wire coati eté’. Furthermore the analysis of
melt elasticity behaviour of polymeric materialgéslly determinant for the selection of
shape-processing parameters and design of extragiparatus (screw, head, length-to
diameter, etc). These phenomena are more evidéné iprocessing of unfilled polymers
(or blends) and in particular those with narrow ecolar weight distribution and absence
of long-chain branching. In particular, in the 198@vhen LLDPE production and
consumption grew, melt fracture phenomena becareeobthe most important issue in
polymer processing, because of its influence orh lqmioduction rate and product
appearance.

When a viscoelastic fluid leaves a die, the extireididameter becomes greater than the
channel diameter: this is called die-swell phenoonerextrudate swell or Barus effect,
which is usually expressed by the swell ratio (any interpretations on the origin of
extrudate swell have been proposed, which take aumount normal stress, elastic
energy, entropy entanglements, orientation, meffiorfowever they are all related each
other considering that in general the relevansste and strain of the macromolecules in
the melt are produced during extension, shear antpression: when the fluid leaves
from the die, if these stresses cannot be complesthxed, they give origin to elastic
deformation of the extrudate (Figure 1.2.1.1.1).
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Figure 1.2.1.1:Die swell effect on an extrudate of polymer exitingm a dié®.

The introduction of filler usually decreases theredate swell behaviour of polymers.
As expected the elasticity of the material decreasi¢h increasing filler concentration,
while filler content increases the rigidity of thelymer: these effects imply less mobility
of the macromolecular chains under the influencappflied shear stre¥s?

In case of highly filled composites, the most & #iudies can be found in literature are
on filled rubbet® >* **and for polyolefin matrices, PP composites havenbeidely
analysed® due to the more evident effect. Liang ef®abnalysed the die swelling
behaviour of PP/AI(OHJMg(OH), composites in order to evaluate the influence of
condition parameters and filler properties. Theynid that swell ratio increased by
increasing shear stress and by decreasing temperatifixed concentration, while at
fixed stress and T, swell ratio decreased lineaitl filler concentration and by reducing
particle size of Al(OHYMg(OH), mixture.

Surface treatment of filler influences die swellibghaviour as reported by Samsudin et
al>’ on calcium carbonate and talc filled PP: they doeNaluate that the presence of
stearic acid on particle surface took to improvemeriluidity of composite, dispersion

of particles with consequent reduction of die swékkxtrudates (Figure 1.2.1.1.2).
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Figure 1.2.1.1.2:Swelling ratio versus shear stress for PP compmoslited with 30 wt% of a treated and
untreated mixture of talc and Cag(@t 180°C).
The distorsion of the extrudate surface is callegltMracture and it has a ranging from
the simple roughness to helical indentation of $heface. Generally during extrusion
through a capillary die the polymer is smooth aaxits the die at sufficiently low rates
of extrusion. The first instability that may occatr progressively higher rates is called
sharkskin melt fracturecharacterized by surface roughness. At highesrttere is an
increase in oscillatingtick-slip transition which takes, at further higher rates,gimss
melt fracture characterized by an extremely irregular surfd&ny authors have studied
these extrusion effect and different theatie® have been proposed in order to explain
the phenomenon: nowadays the most accepted themsegiate instability to die exit
effects, such as the stick-slip between the polymelt and the metal die. Inn et®l.
reported the visual observation of development tadrisskin on the surface of PBD
extrudate, observed with a CCD camera focused eretit of the die in order to study
how the surface fracture was originated and to ggepa qualitative model. In Figure
1.2.1.1.3 it can be clearly observed the phenonogincd! effect of fracture: the origin,
the growth to a certain size and then the slippafgthe ridge, which is immediately

followed by another one.
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Figure 1.2.1.1.3:Pictures of sharkskin in profile taken every 1 set(at 150 kPa).

The introduction of fillers can improve the aesiheuality of extrudate, but it does not
completely eliminate the surface roughness. Thetdra effect obtained for filled
materials usually appears different respect to dfigture polymers due to the influence
of the filler properties. Rahim et #istudied the effects induced by introduction ofthig
amount of kaolin on flow and melt elasticity belaui of PP composites. At 30 wt% of
filler loading the surface of composite extrudates quite smooth at lower shear rates,
while it became rough and irregular at higher rateextrusion. They attributed the
presence of periodic waviness on surface to thigyabf the extrudate to emerge out of
the die even at a semisolid state. This was passiblthe high pressure applied, which

caused the surface effect by following the stick-phenomenon.
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Figure 1.2.1.1.4:Extrudate surface morphologies for PP compositedfivith 30 wt% of kaolin at
different apparent shear rates.

1.3. Fire retardant fillers for composites

Nowadays the principal fire retardant fillers farneposites of industrial application are
aluminium hydroxide (ATH), magnesium hydroxide (MPahd hydromagnesite/huntite
mixture (H-U). As for the other composite propestiehe relative fire retardant
performance depends strongly on the nature ofitlee, fon its origin, on the chemical
characteristics of the filler and of the host pofymtogether with the polymer-filler
interactions can be achieved. HormsBY reported that the inclusion of magnesium
hydroxide in different polymers takes to differgmérformances: in Figure 1.3.1 it is
possible to appreciate, for example, that the etiédDH at 50 wt% in nylon-6 (PA6)
is strongly higher than that in polypropylene.

In general the addition to polymers of any paratelnon-combustible filler affects the
reaction to ignition and combustion due to varietfects reported in the first column of
Table 1.3.1. However these effects usually areenough for passing the fire resistance
tests, so further and more specific factors areired, as those reported in the second
column of Table 1.3
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Figure 1.3.1:Influence of magnesium hydroxide loading on oxygetex of selected thermoplastics
(PAG: polyamide 6; ABS: acrylonitrile-butadiene+gtge copolymer; MOD PPO: modified polyphenylene
oxide; PBT: polybutylene terephthalate; PP: polyytene).

Table 1.3.1:Resumptive table of the general effects on conrrusif fillers and of flame retardant fillers.

General effects of fillers on polymer Additional effects of Flame Retardant
ignition and combustion: fillers:

a) dilution, reducing the amount of fuel a) solid state effects depending the
available for combustion; chemistry, surface or shape of the additive
b) change of the heat capacity and thermal (strong charring effect);
conductivity of material, b) heat adsorption due to endothermic
¢) thermal effects such as reflectivity and  decompositions;
emissivity; ¢) release of gases, providing a significant
d) formation of solid residue; dilution and cooling of pyrolysis products,
€) slowing down the rate of diffusion of together with insulation of substrate from
oxygen and pyrolysis products; radiative energy transfer.

f) influence on polymer melt rheology
(reduction of dripping).

Among the products of decomposition of flame redatdfillers, the main are non-
flammable molecules, such as®and CQ, which dilute combustible gases: the flame
requires a critical concentration and temperatdingyoolysis gases to be self-sustaining,
so the emission of water or carbon dioxide makescthmbustible gases concentration
and temperature fall down, taking to flame extioictiIn addition the release of water
from hydroxides takes to a further absorption adrgg as latent heat, than the release of

carbon dioxide from carbonates.
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Beyond the gaseous products, the decompositiorillefsftakes to the formation of
oxides: they create a barrier on the surface of rtiaderial that avoids the oxygen
reaching the fuel, pyrolysis products reaching pgfagse and the feedback of the radiant
heat, coming from the flame, to decomposing polyswface. Furthermore the presence
of oxides, rather than hydroxides, decreases taedagpacity of the material.

Another effect is the smoke suppression, whicte@ly important because smoke is the
main reason of death during real fire due to th&rolotion of the escape for the victims.
The process is indicated as a consequence of fiwsitien of carbon residues onto the
oxide surface and subsequent oxidation: the foonaif carbonaceous residue as carbon
oxides does not create the common obscurationtefféhe smoke

The decomposition temperature of the fillers must less than the processing
temperature of the composite and it must be aro(md before) the polymer
decomposition temperature: the suitability of deposition temperature, together with
the energy absorbed by the filler during and affiecomposition are important
parameters in the choice of the most performinghdaretardant filler for a specific
polymer. For example calcium carbonate cannot Insidered a flame retardant filler: it
has a very high decomposition temperature (>750Djch allow the processing of
almost all the polymeric composites, but usuallig itoo high for acting during polymer
decomposition. In Figure 1.3.2 the effect of ATHding on LOI of PE is compared with
that of CaC@ calcium carbonate gives a small increase of M@iile ATH shows a
much greater effett
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Figure 1.3.2: Comparison between the effect of calcium carboaatealuminium hydroxide fillers on the
oxygen index of a filled polyethylene.
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However, despite all the reported effects, if tee af flame retardant fillers is compared
with that of other additives, they appear lessatiffe, requiring high level of content
(usually more than 50 wt%) in order to achieve ptalgle flame retardant properties.
This is the main disadvantage of fillers as flamamant because the high amount
required has a strong influence on rheological meghanical properties of composites
(paragraph 1.2).

The decomposition of aluminium trihydroxide occlystween 180 and 200°C and
follows the reaction:

180-200°C

2AI(OH), ALO,, + 3H,0, AH=+13kJg’!

with formation of water (39% w/w) and alumina. ATiHds wide application mostly in
LDPE and EVA matrix, due to the lower processingerature than other polymers,
like PP, and due to the similar decomposition tawipee of polymer and filler.
Magnesium dihydroxide follows the same decompasiteaction of ATH, but it occurs
at higher temperature and with lower water rel¢aséo w/w):

300-320°C

Mg(OH), ., MgO,, + H0, AH -+ 145kl g

)
It starts decomposing at around 300°C, so it cannberporated in polymer matrix,
which needs high temperature to be processed. Sx¥ntiee main examples of used
matrices are polypropylene, polyamides such asma§land nylon-6,8 , polyethylen&*
and its copolymer, especially ethylene vinyl acetahere magnesium hydroxide shows
a special synergistic effect expressed by high v@ie§®. Comparing the efficiency of
MDH and ATH in polyethylene at equivalent fillerdding, they take almost to the same
LOI result, while when they are dispersed in EVA @t% of vinyl acetate content)
MDH is more effective in LOI than ATH, taking tovalue of 46% compared with that of
37% of EVAIATH®.

One of the problems of aluminium and magnesium dwide use (especially MDH) is
the catalytic effect they have on the combustioncafbonized residues. This was
reported as solid state afterglow effect due talatkon of carbonaceous residues, that
can explain the incandescence phenomena visibieglfiame retardant te$fs This
highly exothermic phenomenon represents a potensklbecause it may reignite the

polymer some time after the extinction of the flame
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The influence of physical properties of the filles flame retardant behaviour of the
composites has been reported for ATH and MDH, efvéltre effects are less evident than
those on rheological and mechanical propettids particular the particle size and
morphology of filler can influence the thermal sk&p of hydroxides, with the
consequence of flame retardant effects: usuallyllemia the particle size, higher is the
thermal stability and better are the flame retargmoperties. Fine grades ATH has been
indicated as more thermal stable than the coamsdegand with higher limiting oxygen
index when dispersed in PMMA(Figure 1.3.3). Magnesium hydroxide particle sias
been reported to influence flame retardancy of EdéMmposites: despite the effect is not
linear, Huang et &° suggested to use, at 55 wt% of filling level, MBith smaller size

due to the better dispersion can be achieved, wasshres better FR performance.
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Figure 1.3.3: Effect of filler particle size on the oxygen indekPMMA filled with aluminium hydroxide.

Natural mixture of hydromagnesite-huntite and thetisetic hydromagnesitare quite
recent flame retardant fillers, introduced as paesalternative to ATH and MDH and
they have found wide industrial interest as thegrofood cost/performance ratioThe
use of the natural mixture has been reported farynpelymeric materials, giving good
flame retardant effect mostly in polypropylene,yadhylene, EVA, where it gives a LOI
value of 35-36%". Atay and Celik studied the flame retardant behaviour of Turkish
huntite/hydromagnesite mineral in EVA, pointing dbat the mixture was somewhat
more effective than ATH by LOI results and thattjgde features were influent also in
the case of the mineral mixture: as reported irufgdL.3.4, the flame retardancy of the

composite, expressed by LOI, increases with dergdise size of filler particles.
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Figure 1.3.4:0Oxygen index as a function of particle size fortiterhydromagnesite reinforced plastic
composite materials.

1.3.1. Halogen Free flame retardant additives in cobination with inorganic fillers
Researches dealing with the development of syrtergigents for metal hydroxides have
become the main topic of numerous papers in theyesrs? due to the necessity of
decreasing the total amount of filler in composites

Usually synergy is associated with the idea thatvihole is greater than the sum of its
parts. In the field of fire retardancy, combinatiaf additives, which can show
synergistic effects, are required in order to inwerdhe performance of materials or,
especially in the case of fillers, in order to @é&se the loading of FR components,
maintaining the performante For the toxicological and environmental concetths,
latest research trends are mostly focused on thelag@ment of Halogen Free flame
retardant systems (HFFR), where no additives comigihalogen are introduced.

The combination of different kinds of fillers hawhown improved effects as fire
retardancy. Aluminium and magnesium hydroxide whesed together can give
improved properties mainly due to the increasedyegaof temperature for endothermic
reaction of dehydration. Haurie et ‘al.studied the effect of mixing a synthetic
hydromagnesite, compared to magnesium hydroxide mintkral hydromagnesite-
huntite, with aluminium hydroxide in LDPE/EVA blesidit was pointed out that the use
of hydromagnesite in combination with ATH couldéak the highest LOI value, time to
ignition (TTI) and Flame Performance Index (FPIheVy also studied the effects of
incorporation of montmorillonite in the syst&mwhich led to reduction of peak of heat

release (pkRHR), increase of TTI and to higherdwesistability as reported in Figure
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1.3.1.1: the introduction of nanofillers has sezitake to a foamed structure with limited

expansion and better residue cohesion during cotioibus

Figure 1.3.1.1:Pictures of LDPE/EVA filled samples after cone cateter test: a) Hydromagnesite/ATH
(30/30); b) Hydromagnesite/ATH/Montmorillonite (B&/5).
Many other studies deal with the use of nanofill@as synergistic additives in
combination with fillers (especially hydroxides) eduo their physical effect in the
condensed phaSe the reinforcement of the surface structure, whk formation of
strong and protective layer, leads to the inhihitxd the heat and mass transfer and so to
better fire retardant performance. Boron and gsilie@ntaining compounds are other
common additives, which can improve the surfaceictire in combination with
hydroxides.
Boron containing additives are smoke suppressdtgrgiow suppressant (due to the
B20s; moiety), anti-arcing agent and char fornfihghere are various compounds, such
as zinc or calcium borates, boric acid and relagsters, etc, but the most frequently used
as commercial products are zinc borates. In pdaticn HFFR systems zinc borates have
been used in combination with ATH or MDH in EVA where they showed
improvements on LOI value (Figure 1.3.1.2) with aximum at 5 wt% in the
composition (with total amount of filler of 60 wt#ér MDH and 65 wt% for ATH); they
also caused the delay in TTI, a significant recuctdf peak of HRR and delay of the
second pkRHR, together with the formation of argjey char on the surface (glassy
protective layer), which can avoid that volatilesga reach the combustion zone. The
increased physical rigidity of the protective laymr the surface of the sample during

combustion was confirmed even by rheological swdiehigh temperatufe
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Figure 1.3.1.2:LOI values versus the amount of zinc borates (FRAB FB415) in substitution of
aluminium (ATH) and magnesium (Mg(Ohhydroxides filled EVA composites (total loadingnstant).
It has been reported by different studies that bim@ate and metal hydroxide interaction
can be further enhanced by using co-additives sscsiliconé®, melamime phosphate,
red phosphord$, tald?, silica, kaolin and nanoclays.
The combination of fillers with various formulat®rof silicon containing compounds
have been widely used to achieve the required fleeterdant efficiency in a variety of
polymers including polyolefins. Among the most coomsilicon-based fire retardants it
is possible to find organic silicon compounds, sastpolyorganisiloxane, silane, POSS,
borosiloxan&, etc and inorganic silicon compounds, such as ¢usikca and silicate
mineral§®. The organic compounds used in combination withaimieydroxide can be
non-reactive, usually those with high moleculargiiand higher stability, and reactive,
such as alkoxy silanes used as surface coatinds/tivoxides and mineral fillers, silanes
grafted on polymeric systems and silanes used @sling agent, which promote flame
retardancy by modifying rheology of the systéniHuang et af> compared the use of
different silicon additives in EVA/MDH compositesicithey found that silicon rubber
took to better results on LOI and horizontal fiagimg in respect to silicon powder, silica
and different clays (MMT, attapulgite, etc); thenbécial effects of silicon rubber,
silicon powder and organic MMT was pointed out alsaone calorimeter test by the
increase of TTI and decrease of pkRHR (Figurel133.
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Figure 1.3.1.3:Rate of Heat Released (RHR) versus time for EVApaosites filled with magnesium

hydroxide in combination with different silicon cpounds.

Other important classes of synergistic additiveslisd in combination with fillers are
phosphorus and/ or nitrogen containing, but alaadition metal oxides (nickel oxide,
zinc oxide, etc) and organic compounds, such aslakypolyaromatic phenols, etc.
Among the nitrogen and phosphorus additives thet rfirtequently encountered are the
commercially available such as melamine (and ierntfally more stable salts, like
melamine cyanurate, phosphate, borate, etc), amumomgolyphosphate (APP), red
phosphorous and other phosphorated compounds.
Zilberman et af® reported that the use of melamine in combinatidth WTH in EVA
could impart flame retardant effects due to theraase of TTI, the slight smoke
suppression and CO reduction, even if it causedhenigate of heat release during
combustion. They also studied the effect of padidistitution of ATH with ammonium
polyphosphate, finding out that APP took to a reslde reduction of HRR presumably
due to the formation of aluminophosphates fromréaetion of alumina and APP, which
formed a cohesive protective intumescent char.
Red phosphorus is considered a very good flamedaaia especially in polymers that
contain hydroxyl groups, but it shows also a sltamk retardant effect in polymers like
polyethylene and EVA. Its action is reported infbghas and condensed phase and it is
claimed as good synergist for hydrate fillérswhere it contributes by enhancing
charring of the polymer surface. Burns et®®aktudied the effect on LOI of red
phosphorus in combination with magnesium and alwmnhydroxide in polymers and
blends, such as EVA, PVB, LDPE and EVOH: specifickdr EVA, they found that in
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the absence of hydrated fillers, the addition oftai® wt% of red phosphorus did not
improve limiting oxygen index, while, in combinatiavith magnesium hydroxide, even

a small amount of red phosphorus (3 wt%) causegingisant increase in LOI.
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1.4. Objectives of the work

In the previous paragraphs of this chapter it hesnbextensively explained how the
incorporation of fillers can modify polymer proped and how the effects can be
enhanced and/or changed in highly filled compogitgs to the large amount of filler. In
particular it has been underlined that the macnoisceffects depend on the specific filler
and polymer properties, which can influence patmhrticle and particle-polymer
interactions.

As already reported in the paragraph 1.1.1, therrobaracters” of this PhD thesis are
three natural fillers: magnesium hydroxide, magmastarbonate and calcium carbonate,
indicated respectively as Hy, Mf and SM. The stoflthe influence of the natural fillers
on the properties of polyolefin highly filled congtes is the aim of this research.
Particular attention will be given to Hy due to thielespread application of magnesium
hydroxide as flame retardant additive: the incoagion of high amount of Hy as
alternative flame retardant filler to synthetic magium hydroxide in composites
highlights some positive and negative aspects @wvlogical, mechanical, thermal
degradation and flame retardant behaviour of coitggghat will be analysed. The
polyolefin matrix chosen for the composites prepamais poly(ethylene-co-vinyl
acetate) (EVA), which is widely used especially ¢able and wire application.

In particular the first part of the PhD thesis vin# devoted to the study of how the main
filler characteristics can positively or negativedyfect rheological, mechanical and
thermal properties of EVA composite. In order tghtight the most important effects
and influent filler properties, a comparative studyl be carried out on the use of the
three natural fillers Hy, Mf and SM and the synib@hagnesium (H5) and aluminium
hydroxide (ATH), which are the reference fillersrmmonly used for application of
highly filled composites. The selected fillers wié analysed in order to compare their
physical and chemical properties.

The rheological behaviour of EVA composites will &teidied in order to point out the
main effects of filler concentration and properti@scomposite processing. In particular
a theoretical approach will be applied to the rssof the rheological characterization as
an attempt of rationalizing the filler propertia#luence on rheological behaviour of

composite. Moreover great attention will be givenntelt elasticity properties, in the
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form of swelling behaviour and surface roughnessxtfudates, in order to evaluate how
the filler characteristics can modify these polympkeenomena.

The mechanical properties of composites will belymeal due to the predictable strong
effect of the different properties of fillers on thdus, yield strength and elongation
behaviour.

The evaluation of filler properties effects will bmarried out also on the thermal
properties of the composites and specifically tierrhal degradation behaviour of pure
EVA will be compared with the degradation behaviofithe composites, in order to
point out differences induced by filler presence.

The second part of the PhD thesis will be focusedhe study of the flame retardant
properties of EVA composite filled with the naturahgnesium hydroxide Hy. Due to
the high amount of hydroxide necessary to obtaicepiable flame retardant
performance of the material, the combination ofeotladditives with Hy will be
performed in order to improve or maintain the flametardancy of the composites
reducing the total amount of filler incorporatedoeSifically the determination of a
method for screening a variety of flame retardadditaves, parameterize the flame
retardant behaviour of formulations in vertical fing test and so evaluate the
performance of different combinations of additivath Hy will be carried out.
Subsequently particular attention will be focused a specific formulation of flame
retardant additives combination. In this case, sitieon and one boron containing
additives have been selected and the flame retapdaperties of the quaternary system,
which they form together with Hy and EVA matrix, Iwbe studied by means of
chemometric approach. The analysis of a varietffanfhe retardant parameters coming
from different tests will be performed in order tationalize, by determining valid
models and performing analysis of the responsespéhaviour of the flame retardant
system, together with the effects of the componeantd so tailor formulations with the
desired performance (high applicative interestk irdications, which will emerge from
the mathematical models, will be correlated to phenomenological aspects (charring
behaviour, thermal properties, etc) of the systerarder to find physical validations of

the statistical results.
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2. Experimental part

2.1. Materials

Polymers
» Poly(ethylenezo-vinyl acetate) (EVA): cable grade Escorene Ultra00328,
ExxonMobil Chemical. (Vinyl Acetate: 27.5 wt%; Melhdex 3 g/10 min
@190°C, 2.16 kg; Density: 0.951 g/&nvlelting point: 71°C).

e Ultra low density poly(ethylene) with grafted maleanhydride (ULDPE-g-
MAH): Compoline COUL-MH, Auserpolimeri. (Graftin@.5-1 wt%; Melt Index
1 g/10 min @190°C, 2.16 kg; Density: <0.88 gfxm

Fillers
« Magnesium hydroxide: (Hy) Hydrofy G2.5, Nuova Sima;
(H5) Magnifin H-5 , Martinswerk Albermarle.
e Aluminium hydroxide: (ATH) Martinal OL-104, Martingerk Albermarle.
« Magnesium carbonate: (Mf) Magfy, Nuova Sima.

e Calcium carbonate: (SM) Microcarb SM, Nuova Sima.

Property | Hydrofy | Magnifin | Martinal | Magfy | Microcarb
G2.5 H-5 OL-104 SM

Principal

component Mg(OH), | Mg(OH), | AI(OH); | MgCG; CaCQ

Origin natural | syntheticf synthetic natural natura|

Indicative | _qn0, | ~99.80% | =09.4% | >90%|  >95%

purity (%)

Additives
* Poly(dimethylsiloxane) (PDMS): UHMW siloxane polymé&5%) and fumed
silica, Genioplast Pellet S, Wacker Chemie.
e Zinc borate (ZB): Zinborel, Societa Chimica Lardkre
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e Calcium borate (CaB): hydrated borate mineral, &t A13, Ankerpoort NV.

» Boric Acid (BA): technical grade, Societa Chimicarterello.

e Tributyl borate (Tbb): purity 98%, Aldrich.

» Triphenyl phosphite (Tpp): purity 99%, Acros Orgami

* Red phosphorous (RP): masterbatch of microencagsuted phosphorus (70%),
Masteret 40470, Italmatch Chemicals.

* Melamine cyanurate (MC): Plastisan S, 3V Sigma.

* Poly[(6-(4-morpholinyl)-1,3,5-triazine-2,4-diyl)-4;piperazinediyl (PPMt):
PPM-Triazine, Jurgen Schmidt.

2.2. Instruments and methods

Filler properties analyses (tap density, partiglee glistribution and specific surface),
polymer compounding and pressing processes, maaiamalysis and most of the fire
tests (Limiting Oxygen Index, DIN 4102 B2 test atwhe calorimeter) have been carried
out at Nuova Sima S.r.l. laboratory. The rheololgiraperties, together with most of the
melt elasticity analyses of extrudates, and thentbgravimetric analyses have been

carried out at Mixer S.p.A. laboratory.

Tap density
Tap density (orapparent densiywas determined by putting the filler in a 250 ml
measuring cylinder (volume of 150 ml). The weightle sample was recorded and the
cylinder was tapped by an automéfecer downfor 1500 times. The tap densitgq)
was given by the ratio of the weight and the ocedpvolume at the end of the
measurement. Free volumk,) could also be calculated based on tap densityreald
density of the filler §ea)) using the following equation:

X, =1 (thap /0
Particle size distribution
The patrticle size distribution of the fillers (PSas determined using a Micromeritics
Sedigraph 5100 instrument. The method of analgsimsed on the sedimentation theory

(Stokes law), which correlates particle size to #sglimentation rate in a viscous
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medium. The sample was prepared as a suspensibe fifler (the amount depends on
the type of filler) in water solution of sodium leretaphosphate (0.5 wt%). The
concentration determination of particles in thepsmsion during analysis is based on
transmittance (X-rays).

Specific surface

The specific surface measurements were carrietyusing a Micromeritics Flowsorb
[ 2300 instrument. The analysis follows the B.Exiethod: the total surface area of the
filler was calculated based on the amount of g&schwis necessary to cover the particles
with a monomolecular layer. The used gaseous flas amixture of 30% nitrogen and
70% helium. The filler was degassed before the oreasent and cooled by liquid

nitrogen to allow gas adsorption.

Polymer compounding

All the composites were melt mixed via twin-roll Im{(Vi_Mach) at the constant
temperature of 140°C for 15 min. At first the pommatrix was melted for 1 minute
and then the fillers and the flame retardant adestwere added as a mixture.

Before mixing the fillers were heated at 100°C8dr in order to get them dried.

The specimens for each kind of measurement werpressed (Vi_Mach) under 150 bar

for 5 min at 150°C using suitable steel masks.

Rheological and swelling behaviour analyses

The shear viscosity of EVA and the filled compoundss determined using capillary
rheometer (Gottfert Rheograph 2002). A round hadeodl length-to-diameter ratio (L/D)

of 30 with a die diameter of 1 mm and entrance engl180°, was used. Compounded
samples were cut into suitable size pellets, theyewloaded into the cylinder and
preheated for 4 min. The flow properties of specismeiere measured over a range of
apparent shear rates of 18-2304 and over a temperature range of 110-150°C. The
rheological data were calculated directly on theorheter.

The shear stress and apparent shear rate are seghiaes
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T e

where R is the die radius; P is the pressure eéiffeg; L is the die length and Q is the
flow rate.
The apparent shear viscosity is given by the watadis follows:
T
/7__
Vapp
wherer; is the viscosityy is the shear stress apgl, is the shear rate.

The Rabinowitsch correction was applied in orderobtain the real shear rate. The

_[3n'+1
V=Can

wheren' is the flow behaviour index, determined as th@elof the plot of logr versus

relation is as follows:

log yapp and it is computed by application of regressioalysis.
Entrance pressure losses were negligible for sutdn@ capillary die and no Bagley

correction was applied.

Extrudate swell was indicated by Swell ratio (BJdahwas calculated as the ratio of
diameter of extrudate to that of capillary, usihg following expression:

where QQ is the extrudate diameter and iB the capillary diameter.

The extrudates were carefully collected as theyecaut from the die. The diameter was
measured at five places using a micrometer thaidaveny deformation of the surface
morphology.

Dynamic mechanical measurements were performed 58°CL using a rotational
rheometer (Rheometrics RMS800) equipped with thealieh plate geometry (gaps
ranging from 0.8 to 1.1 mm). The samples were cesgon-moulded at 150°C and
recovered as 25 mm diameter disks. Frequency stesepwere performed in the range
0.1-100 rad/s under aNatmosphere using strain values low enough to kibep

measurements within the linear viscoelastic redgirain around 5%). The temperature
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was stable within 0.2°C over the range used inghidy. The analysis has been supplied

by the rheology laboratory of Polimeri Europa S.gMantova).

Mechanical analysis

The tensile properties were determined by usingi@d@hbini Sun 500 dynamometer at a
crosshead speed of 250 mm/min. The width and teskmof the tensile test specimens
were respectively 6 and 1-1,2 mm, and the strettdggth was 40 mm. Five samples for
each test were usually analysed in order to obtgmoducible results and determine
average values. Young's modulus was calculatedheaslope at the beginning of the

stress/strain curve by using the software intedagih the instrument.

Morphological analysis

The particle morphology of the fillers was evaluhtesing scanning electron microscopy
(SEM). The analyses were carried out using a J&M Jnicroscope T-300 model
supplied by the Laboratories of Metals Sciencergjifieering department (Universita di
Pisa). They also provided the chemical charactéoizaof the fillers by energy-
dispersive X ray spectroscopy analytical techni@@S).

The micrographs, reported in Figure 3.1.2.1.3, hbgen supplied by the Chemical
Institute of University of Campinas, Brazil.

The surface characteristics of the extrudates wbserved by using optical microscope
and SEM analyses were performed in order to paihtrrphological properties.

The optical microscope is a ZEISS STEMI 1000 maate pictures were captured by
using a HP Photosmart E337 model (5 megapixel) came

For the SEM analysis of morphological propertiesngl the cross section, cryogenic

fracture was used, obtained by fracture of compsesinder liquid nitrogen.

Thermal degradation analysis

Thermogravimetric analyses were carried out usinfGA Pyris 6, Perkin Elmer,
coupled with an infrared spectrometer Spectrum Edkin Elmer by a balance flow
transfer line BFHTL - TG6 TL8000, Perkin Elmer. Saes of 10-15 mg were placed in
Al,O3 crucibles and the runs carried out in high pulty flowing at 70 cniymin. The
used heating rates were 10 and 20°C/min over thger&0-1000°C. The gas flow was
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transferred to the FTIR gas analysis cell throdghttansfer tube. The transfer line was
kept constant at 270°C and the cell at 250°C.

The IR-spectrometer was equipped with a DTGS KBeder, which operates with an
optical resolution of 4 cth FTIR spectra were recorded over the wavenumbeyeraf
4000-400 crit.

The TG analysis reported in Figure 3.2.3.2.6 a@d332.9 have been carried out at Silma
S.r.l. laboratory by using a Mettler Toledo (TGADS model) almost at the same

experimental conditions.

Firetests
The fire tests used for all the investigated foratiohs are Limiting Oxygen Index (LOI),

vertical burning tests and Cone Calorimeter test.

e Limiting Oxygen IndeXASTM D2863): the instrument used is a ATS-FAAR

Critical Oxygen Index apparatus. A burner flame vagplied on the top of a

vertically oriented bar, which was in a test coluwith a mixture of oxygen and
nitrogen flow. LOI value represents the minimum @amtration of oxygen (%) in
the gas mixture necessary to support the combusfitghe material, which was
initially at room temperature. Initial concentratiof oxygen is chosen arbitrarily.
The used specimens were cut by bar shaped hollewutich with dimension of
125x 6.5% 3 mm.

« DIN 4102 B2 testthe measurements were carried out on samplesdimténsion

of 190x100x1.5 mm, with a graduation line at 150 mm. The gpea was fixed

at a specimen holder and a Bunsen burner flameapgléed at the bottom of the
sample for 15 seconds. The time necessary forapet the flame to reach the
graduation line was recordetj)( The burning droplets were observed by means
of a paper under the specimen. According to thedstals, a material can be
classified as B2 if the flame reaches the gradodiie before 20 seconds, if the
paper doesn't ignite and the droplets are not bgrfor more than 2 seconds. A

specially modified set up of this test was useddetermination of characteristic
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burning time parameters and for evaluation of tiyspal stability of the

materials during combustion (dripping, unstabledes, stable residue).

UL94-V test flammability measurements were carried out byngsAMSE
equipment. The gas flux of the burner was regulbted pressure controller. The
flame was calibrated by using a thermocouple (teaipee increases from 100 to
700°C in 44+2 seconds). The samples with dimens@mn$25<12.5<1.6 mm
were exposed to a Bunsen flame for 10 second$elicdse of self-extinguishing
behaviour, the flame was applied for further 10osels. Five replicates for each
sample were tested. According to the standardsdudrcal rating, if none of the
samples burns for more than 10 seconds and thes dimmot ignite the cotton,
the material is classified as V-0. If none of tlngles burns for more than 30
seconds and the drops do not ignite the cottonyiderial is classified as V-1. If
the cotton gets ignited and burning stops befores&Conds, the material is
classified as V-2. The vertical type of the tess leen performed in order to
measure the time necessary for the specimen to tommpletely or to self-
extinguish considering the first flame applicatidime considered parameter was

the calculated average burn rate (cm/min).

Cone calorimeter testthe main instrument used is a Stanton RedcrofteCo

Calorimeter (Polymer Laboratories), based on thencple of oxygen

consumption. The principle states that the hea&asgld during combustion of a
burning specimen is proportional to the total ami@afroxygen consumed during
combustion, considering the heat of combustionafdiroad range of materials
basically constant (average value of 13.1 MJ/kg). $ome tests, a Fire Testing
Technology (FTT) Mass Loss Calorimeter (at the Depent of Organic

Chemistry and Technology Department of Budapestwéisity of Technology

and Economics) was used: the equipment was sindathe used oxygen
consumption cone calorimeter. In the mass lossricadter, the heat release is
calculated based on the temperature of smoke nmezhéyr a thermopile in the
flue, which is calibrated by burning methane witiolwn gas flow rates. In the

case of both the instruments, during the measurgntensamples got ignited and
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mass reduction was continuously recorded duringnibgr The specimen
(100x100x3 mm) fixed in an aluminium tray was exposed tezternal heat flux
of 50kW/nt during the whole test. The heating element waadéant electrical
heater with the shape of a truncated cone. Anreectermittent spark located
above the sample was used to start the ignitioth@mpyrolysis gaseous products.
In the case of cone calorimeter, a stainless geelplaced on the test sample
was used to restrict deformation and to retain tsonidistance between sample
surface and cone resistance. The collected date tertime to ignition (TTI),
the peak of rate of heat release (pkRHR), the amehich there was the peak of
rate of heat release (pkRER), the average effective heat of combustion
(avEHC), the average rate of heat release in tise IB0 seconds after ignition
(avRHRgo), the total heat release (THR), the peak of smukaperature
(Tsmoke) and the time at which there was the pealsnmoke temperature

(Tsmokgme).

Statistical analyses

The statistical analysis for the screening methiddlfjvariate Linear Regression, MLR,

and Variable Importance in Projection, VIP) and fbe chosen D-optimal mixture

design were performed respectively by PLS Toolliig€énvectors Research Inc) and by
Design Expert (Stat-Ease-Corp., Minneapolis MN 5569827 USA). The statistical

elaboration and the statistical results on the damn fire tests reported in this PhD
thesis have been planned and provided by Dr. Mar€alderisi, Ph.D.

(www.chemiometria.it).
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3. Results and discussion

3.1. Use of natural fillers in highly filled EVA camposites for cable
application: rheological, morphological, mechanical and thermal
properties

The incorporation of several types of filler in polefin matrix has been widely used to
improve the compound performance. As reported @ Ititroduction, the presence of
fillers completely changes the rheological and raeatal properties of polymer matrix.
Even if several papers have tried to correlaterfithatrix interactions with the composite
properties in order to propose methods for imprguimeni®*® just a few of these deal
with the use of natural fillefs* due to the difficulty of rationalizing the behauioof the
composite system.

The first part of this PhD study is mostly focusaa the use of natural magnesium
hydroxide Hy) and other natural fillers produced with the sandustrial plant, which
are magnesium carbonat®lf) and calcium carbonat&Si). The research deals with
filler properties impact on the rheological, morfgdgical, mechanical and thermal
degradation behaviour of their compound with pdlyyeeneco-vinyl acetate) as matrix
(EVA). A comparative study is presented using E\6nposites with different fillers in

order to point out the positive and negative aspethatural fillers use.

3.1.1. Morphological, physicochemical and thermal egradation properties of fillers

In this section the properties of natural magnednyairoxide (Hy) are analysed together
with the properties of other fillers. The chosewnrganic fillers are reported in Table
3.1.1.

Table 3.1.1:Chosen inorganic fillers.

Sample  Principal component Origin Ore type

Hy Mg(OH), natural brucite

H5 Mg(OH), synthetic -

ATH Al(OH); synthetic -

Mf MgCOs natural magnesite

SM CaCQ natural majolica limestone
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Among them synthetic magnesium hydroxide (H5) aymthetic aluminium hydroxide
(ATH) have been chosen in order to have a compangth natural hydroxide in terms
of filler and composite properties, especially logecal and mechanical.

Figure 3.1.1 shows the morphology of the fillertpdes as observed by SEM.

iy . o
Figure 3.1.1: SEM micrographs of the analysed fillers: Hy (a), (), SM (c), H5 (d) and ATH (e).

The micrographs show that natural magnesium hydeoparticles are characterized by
irregular shape, which could be approximately cbesd needle-like for most of the

particles. Magnesium carbonate shows also irregslape of particles, but more
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rounded. From the micrographs it is also possiblevaluate the presence of particles
with very different sizes for these natural fillers

The analysis of the synthetic fillers points owt tegular shape of the particles together
with size uniformity: in particular magnesium hyside shows plate-like particle with
hexagonal base, while aluminium hydroxide partielesalmost similar to spheres.
Calcium carbonate is the natural filler with morfadgical properties similar to those of
synthetic fillers, in fact the particles are wealkhihed and rounded. Observing the
morphologies of the three natural fillers chosentfos study it should be possible to
appreciate that the micrometric size particlesawhefiller have different shape and this
is almost similar to the shape of the stones wlach used as raw material for the
production (Figure 3.1.2). It seems that during timéing production the break of the
stones in order to obtain micrometric particlesloies specific points and faults

determined by the microcrystalline structure

Figure 3.1.2:Photos of the stones used as raw material foraldtliers production: brucite (a), magnesite
(b) and limestone (c).

The analysed physical properties of the fillers req@orted in Table 3.1.2, among which
their size distribution, with the main points ofadysis (D, Dsp and Do), the specific
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surface area measured by BET method, the tap geasit the free volume calculated

using tap density and the real density obtainech fitee literature.

Table 3.1.2:Properties of the inorganic fillers.

Size distribution Specific surface Tao density  Eree volume
Filler (um) (BET) P y
Dgo Dso Dio (m*/g) (9/cc) (u.a.)
ATH 3.43 2.22 1.30 3.56 0.62 0.73
H5 2.73 1.62 1.00 4.67 0.81 0.65
Hy 10.23 3.38 0.78 6.71 0.59 0.74
Mmf 10.20 2.76 0.52 8.68 0.94 0.68
SM 3.95 1.65 0.67 4.09 0.85 0.69

Size distribution data confirm the qualitative infation obtained by the micrographs of
the fillers. The natural fillers show a wider distition of the particle size than the
synthetic fillers. This result was expected duehi® different production method of the
fillers. The synthetic ones are obtained by préatmn method, where almost the same
growth of the particles can be reached regulatlhtha parameters (temperature, time,
etc). The narrow particle distribution of ATH and Han be observed also in Figure

3.1.3, where the size curves, expressed by masBofraversus particle diameter, are
reported.
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Figure 3.1.3:Size distribution curves of the fillers.

The natural fillers are produced by milling methstrting from big stones as raw
material and the crucial step is the "sieving psstewhich can really determine the final

average size and the distribution. In particulanagithe natural fillers, Hy and Mf show
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a very wide particle size distribution, while th@l@um carbonate shows a curve more
similar to those of synthetic fillers. Natural dalm carbonate is characterized by a lower
hardness than that of magnesite and brucite artiessame milling process conditions
can take to smaller particles with almost narraze slistribution.

Among the analysed fillers, Hy and Mf show the legfhvalues of specific surface area,
while even for this aspect the natural calcium oadbe shows a result quite similar to
those of the synthetic hydroxides (around #gn The high values obtained for the
natural magnesium hydroxide and carbonate candtéiga by the presence of a portion
of very small particles, especially in the casaidf and by the high particle porosity of
these fillers, especially for the brucite.

In a previous work' on the same natural magnesium hydroxide fillethwvstnaller
average particle size (Hydrofy G1.5 withsgD= 6.60 um) it was found that the
application of an organic treatment on the parsicigln't change the size distribution and
the tap density but it caused a significant de@edigshe specific surface area (from 8.80
to 5.80 nf/g) , without the formation of particles aggregafBse reduction of the surface
area was assigned to the occlusion of the huge @inodpores, which characterize the
brucite structure.

Other interesting parameters from an industriahpof view are the tap density and the
free volume, cause they give information about theticle behaviour in space
occupation, in particular as an indication of tkerage characteristics” of the fillers. In
fact the application of more than 1500 taps, asiired by the standards, would like to
simulate the transport and storage condition offilter, where they are subjected to
gravity and other stresses. The natural magnesiydnokide shows the lowest tap
density value, which is quite close to ATH one, hi5, Mf and SM show higher tap
density values, corresponding to lower free voluemilts. The obtained data point out
that Hy particles tend to pack in worse way thaa thher fillers, leaving high free
volume, that is almost the same of ATH. Howevers thesult could be a positive
indication from applicative point of view, becausee of the problems of the synthetic
magnesium hydroxide is the tendency to aggrega&teothing like cement), when stored
as raw material for long time or delivered on roabse natural magnesium hydroxide
seems to show lower tendency of particles aggmegaitndicating a better storage

capacity.
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The chemical composition of the fillers has beetewhined by using EDS analysis
(Energy dispersive X-ray analysis) and the resalts reported in Table 3.1.3 as

percentages by weight of the elements.

Table 3.1.3 :EDS analysis results expressed as weight percepfaglement for the studied fillers.

Element Filler composition

(Wt%) ATH H5 Hy Mf SM

O 61.9 56.4 57.1 55.9 46.2
C - - 1.2 12.6 9.7
Mg - 43.6 37.9 25.6 0.4
Al 38.1 - 0.4 0.9 0.3
Ca - - 1.8 2.8 42.7
Si - - 1.6 1.8 0.7
Fe - - - 0.4 -

As it would be expected, the synthetic fillers da@fiow any relevant impurity: they are
composed by oxygen and by the respective metdhenright proportions. It could be
noted just a small shortcoming in the oxygen canwmmpare with the theoretical
composition: this can be due to the presence ofi smeunt of other crystalline forms.
Among the natural fillers, calcium carbonate seamsbe the purest, with small
percentages of magnesium, aluminium and silicongrMaite and brucite are the most
impure fillers among those that have been analybegarticular they both seem to
contain calcium carbonate, silica and a small armafnaluminium impurities and
magnesite shows also iron impurities.

The presence of the impurities is related mostlyht® origin of the natural fillers and
sometime it could change depending on the raw maieeven if they are taken from the

same area. This is one of the main problems foimthastrial use of natural fille?s

The thermal behaviour of the fillers has been stidising thermogravimetric analysis in
the range of temperature from 50 to 1000°C, becafs¢he high decomposition
temperature of the fillers. Figure 3.1.4 and F&g@rl.5 show the thermogravimetric

curves and their derivatives, while the obtaineidh dae reported in the Table 3.1.4.
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Figure 3.1.4: TGA curve of the inorganic fillers (Nlow, range 50-1000°C, rate 20°C/min).
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Figure 3.1.5: Derivative TGA curve of the inorganic fillers {flow, range 50-1000°C, rate 20°C/min).

Table 3.1.4:TGA data for the inorganic fillers.

Filler Tonsel" T main rate max % Weight loss % Weight residue
(°C) (°C) (50-200°C) ** (1000°C)
ATH 277 324 0.2 65.2
H5 374 430 0.1 68.8
Hy 375 427 0.4 68.7
SM 734 870 0.1 56.8
Mf 571 638 0.3 51.2

*determination based on the tangents intercept padthod.
**corresponding to the absorbed water on fillerface.
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The analysed fillers are thermo-reactive becaussy ttlecompose endothermically
releasing water and/or carbonic anhydride as maseaus product$ as reported in the
Scheme 3.1.1.

A

2 A(OH); ——— Al)05
-3 H,0
A

Mg(OH); ——— > MgO
-H,0
A

MgCO; ——— > MgO
-CO,
A

CaCO3; — (a0
-CO,

Scheme 3.1.1Main decomposition reactions of the inorganiefil.

The onset temperature &l¢), the temperature of maximum rate of decomposi{iGain

rate ma) and the residue at the end of the analysis (XDp@&rfe in agreement with those
reported in literature for almost all the fill&ts® The weight loss data obtained between
50-200°C (Table 3.1.4) show that the fillers witle highest specific surface, Hy and Mf,
are also more hygroscopic than the others.

Synthetic aluminium and magnesium hydroxide deca®apo a single step between 190-
380°C and 320-480°C with a mass loss of 35% and i&k§ectively.

Decomposition of natural magnesium hydroxide Hyetaglace in two main stages in the
ranges of 310-480°C and 480-780°C. The first stepesponds to the decomposition of
magnesium hydroxide, while the second to magnesinch calcium carbonate thermal
decomposition, which are the main impurities of tiaural brucite. The decomposition
mechanism is confirmed by the FTIR map of the esdlgas reported in the Figure
3.1.6, where the release of water in the first step of CQ is highlighted. This result
points out that the effective content of magneshyaroxide is less than in the synthetic
hydroxide because of the presence of carbonatesspanding to a weight loss of 7% of
carbonic anhydride. This difference in Mg(QHpntent influences the effect of the filler
when used as flame retardant additive.
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Figure 3.1.6:FTIR map of the evolved gases during the mainsstéphermal degradation of natural
magnesium hydroxide.

Magnesium carbonate degrades in two main stepseketwW60-690°C and 700-790°C,
which correspond to the decarbonation reactionmagnesium and impurity of calcium

carbonate. In particular the amount of calcium cadte corresponds to a weight loss of
4% as CQand this cause a higher residue value than thailated for pure magnesium

carbonate (around 48 wt%).

Thermal decomposition of calcium carbonate SM tagkse as a single stage at
temperature range between 650-910°C. By using thgrawimetric analysis, there are

no particular impurities that can be found in titlerf even the thermal analysis confirms
that SM shows almost the same characteristics efsymthetic fillers, in spite of its

natural origin.

3.1.2. Rheological properties of the highly filleEVA compounds: effect of shear

rate, filler type, temperature and filler loading

The chosen polymer matrix of the compounds is pohyleneeo-vinyl acetate) (EVA)
with a content of 28 wt% of vinyl acetate groupsl amelt flow index of 3 g/10 min.
This copolymer has been chosen for its wide usmeabr in blend, especially for cable
production. In this PhD Thesis no polymer blendsadditives have been used for the

51



rheological, morphological and mechanical analysesrder to evaluate the effects of
filler incorporation on pristine EVA.

The analysis of the melt rheological propertie€EdA based composites, highly filled
with natural magnesium hydroxide in comparison with other natural and synthetic
fillers, has been carried out using a piston-tygeiltary rheometer.

The evaluation of the main factors, which shoulitugnce the rheological behaviour of
composites, has been carried out: the effect oarshate ), filler loading (@ and
temperature on rheological properties of naturalgmesium hydroxide filled EVA
composite are evaluated in comparison with theofisliee other chosen fillers.

The composition of the analysed composites is tedan Table 3.1.2.1.

Table 3.1.2.1:Composition of the analysed composites, reporsegblume and corresponding weight

percentage.
Filler type % by volume % by weight*
Hy 0 20 30 40 0 37.7 509 617
ATH 0 20 30 40 0 37.7 509 617
H5 0 20 30 40 0 37.7 509 617
Mf 0 20 30 40 0 43.3 56.7 67.1
SM 0 20 30 40 0 415 549 655

* Calculated using specific density values: 0.95 f/@AE8, 2.3 for ATH, H5 and Hy, 2.9 for Mf and 2.7rf8M.

All the composites with different fillers have begnepared with the same volume
percentage of filler because usually the rheoldgmad mechanical properties of
composite are studied taking into account therfillading as volume percentage or
volume fraction* ®” In Table 3.1.2.1 the corresponding calculatedyhtepercentage of
filler, used for each sample preparation, are rgploIComposite names are composed by
the filler name abbreviation followed by the specifolume percentage (e.g. Hy 30 is
the composite with 30 vol% of natural magnesiumrbyale). The compositions are
characterized by high amount of filler which armasét the same used by cable industry
or other applications (range of 35-65% by weightprder to guarantee flame retardant

and/or mechanical properties, together with thetioal cost of the final product.

Effect of shear rate and filler type

Figure 3.1.2.1 shows the dependence of shear Vigoms shear rate for EVA and
composites with the different fillers at 150°C la¢ same volume loadings (40 vol%).
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Figure 3.1.2.1:Shear viscosity of EVA and filled composite vsahrate at 150°C.

The difference in viscosity among the materialsigher at low shear rates, while at high
shear rates all the systems show nearly the salme, \yinting out shear thinning effect.
All the studied composites exhibit the typical babar of pseudoplastic materials,

where shearing causes a reversible process oftdisgement as reported by other
researchers” > % |n particular for filled polymer at high sheates, the properties of

the fillers provide lower effect on viscosity, basa it is mostly dominated by the
hydrodynamic interactioh.

Two main explanations for this effect are repotigdBhagawan et af:

e under shear molecular chains become oriented nila@gements are reduced and
the viscosity decreases; at very high shear raeotlentation can be complete
and the material can show a near-Newtonian behayiafluence on polymer
entanglements);

» where highly solvated molecules or particles aes@nt, the solvated layers can
be shared away increasing the shear rate, resultingecreased viscosity
(influence on particle-polymer interaction at itfiéee).

It is possible to hypothesize the combination oésth effects even in the studied
composites.
In Figure 3.1.2.2 the melt flow curves for the maénd for the composites filled with 40

vol% of different fillers are reported.
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Figure 3.1.2.2:Flow curves for EVA matrix and for the compositeith different fillers (40 vol% 150°C).

As shown in the graph, the incorporation of all thyges of filler in the polymer matrix
causes the increase of shear stress and so skeasity of the materials. Among them
both magnesium and calcium carbonate filled coniessshow the highest values of
shear stress, the curves of synthetic hydroxidesposites are almost coinciding and
they are higher than the flow curve related to ldynposite. The lowest shear viscosity
of composite filled with natural magnesium hydraxicbuld be due to the combination
of a variety of factors, where the most influenerss to be the morphology of Hy
particles (at comparable chemical interaction). Téren "morphology"” includes particle
shape, particle size and the distribution: partgilee distribution and shape should be
related to the packing capacity of filler and thefluence strongly the melt viscosity
behaviour of the composites. These effects willdeeply analysed in the following
paragraph. However it is possible to underline,tbaen if Hy particles have irregular
shape, the majority of them show "needle-like" €hayth an average aspect ratio higher
than "1" (the value for "sphere-like" shape). Dgrihe capillary measurements, in the
melt composite, Hy particles should orientate altmg flux direction, taking to lower
obstructing effect of the filler on the plasticilahan the other studied fillers.

The different behaviour of isotropic and anisotooparticles in composites during melt
flowing is explained in the scheme in Figure 33.@ken from Kim et al? for calcite
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(isotropic particle) and talc (anisotropic partjob®mposites, where it is also highlighted

that this behaviour increases at higher shear.rates

Isotopic particle
Anisotopic particle a o

Rotation Angle to
Flow Direction

Shear rate increase

Figure 3.1.2.3 :Scheme of the orientation for the isotropic and@mnopic particles depending on the
applied shear streSs

The lower shear viscosity of natural magnesium twidie composites especially in
comparison with the synthetic hydroxides at the esarmlume percentage is a useful

indication of the less expensive processing behawbdthe Hy filled material.

Effect of temperature

Temperature has an incisive influence on sheaosigcand the analysis of its effect is
extremely useful in choosing the best experimeotalditions to use during extrusion,
calendering or injection molding processes. Thedhction of filler in a polymer matrix
could influence the temperature dependence ofhbarsviscosity especially because of
the interactions that could be formed betweenrfdied matrix.

Figure 3.1.2.4 illustrates the dependence of thik shear viscosity on shear rate for the
EVA matrix and for Hy 40 composite at different pessing temperatures (110, 130 and
150°C).
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Figure 3.1.2.4:Flow curves for the EVA matrix and for the Hy comsfies with 40 vol% of filler at
different temperatures (110, 130 and 150°C).
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In general the viscosity of a polymer decreaseb witreasing temperature due to the
greater free volume and less friction force avdddbr molecular chain motion at higher
temperature. This behaviour can be seen in EVAimdiut it is the same also for the
composites, as it is shown in Figure 3.1.2.4 for #yas an example.

The evaluation of the specific filler effect on tteenperature dependence of the viscosity
has been done by using the method based on thetdampmerature superposition
principle, TTS. This method allows the determinatef the master curve from the flow
curves at different temperatures by multiplying tHata for specific factors and
consequently causing a horizontal and verticat siithe curves (Appendix I). TTS can
be applied to the systems investigated in the ptes®rk, as an approximation: if
satisfactory master curves could thus be constludgtshould be possible to capture the
specific effect related to the different filler perties.

In Figure 3.1.2.5 the obtained master curves foAEnatrix and for Hy 40 are reported.
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Figure 3.1.2.5:Master curves for the EVA matrix and for the Hymaosites with 40 vol% of filler.

The possible effect of the filler on the temperatuiependence of viscosity for the
composites could be evaluated by shift factor aslyhe viscosity curves at 130°C and
150°C have been shifted on that at 110°C, obtaitiegreduced curves (indicated as
130red and 150red). The shift factors calculatedEfdA curves at 130°C (130red) and
150°C (150red) are 0.5 and 0.25 respectively. T8de2.2 lists the shift factor values
obtained by shifting the reduced flow curves at°@3@nd 150°C for all the studied

composites.
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Table 3.1.2.2:Shift factors relative to the flow curves of thenmgposites at 130°C (130red) and 150°C
(150red).
Hy ATH H5 Mf SM
130red 150red 130red 150red 130red 150red 130red 150red 130red 150red
20 050 025 050 025 050 025 050 025 0.50 0.25
30 044 026 050 025 050 025 047 026 0.50 0.25
40 050 026 050 025 050 025 049 0.26 0.50 0.25

vol%

Looking at the shift factor data it is possibleajgpreciate that they do not change with
changing filler type and filler loading and theyeealmost the same values obtained for
EVA matrix. This results points out that the intwation of the fillers does not influence
the temperature dependence of shear viscosity ¥A.Ht can be concluded that
temperature influences just the matrix rheologibahaviour for the analysed EVA

composites, without any significant effect on podyfller interactions.

Effect of filler loading

The shear viscosity of the Hy composites at diffefdler loadings as a function of shear

rate is reported in the Figure 3.1.2.6.

. o EVA
] . " Hy_20
B . ~ Hy_30

shear viscosity (Pa*s)
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Figure 3.1.2.6:Shear viscosity versus shear rate for EVA matnik lly composites at different filler
volume percentage.
The viscosity of the compound increases progrelssiwih the increase of the Hy
content, from 20 to 40 vol%. This behaviour is tfaeall the analysed systems and for
all the shear rates: in general the presence ofilteepolymer interaction perturbs the
normal flow of the polymer and hinder the mobiliey the chain segments in the

direction flow’® * Higher is the filler amount, stronger is thiseetf
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Among the composites the increase of viscosity witlreasing filler loading could be
different, due to the various effects that can uefice the composite rheological
properties. In Figure 3.1.2.7 it is possible toleate qualitatively the effect of filler

content on the apparent shear viscosity of theiefucbmposites at 150°C and 18as

apparent shear rate.
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Figure 3.1.2.7:Apparent viscosity vs filler volume percentagetfte composites at temperature of 150°C
and apparent shear rate of 18 s

Shear viscosity of Hy composite seems to be the lefluenced by the filler

concentration. This result indicates preferablecgss conditions of natural magnesium

hydroxide composites even at the very high fillen@entrations required by industrial

application.

3.1.2.1. Theoretical approach for evaluation of fier volume fraction and properties
influence on rheological behaviour of Hy filled EVAcomposite

A deeper study has been done on the relation batwiseosity and concentration for Hy
composite together with the filler properties imfice on rheological behaviour.
Essentially a theoretical approach has been apmedhe compounds filled with
hydroxides in order to evaluate which are the nfilar factors influencing the rheology
of the composite and to estimate the quality éérfitlispersion. This approach introduces

particle correlations by taking into account hydnoamic interactions and provides a
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conceptual framework that explains how the microttire of the system modifies the
viscosity as a function of volume fractin'®

The analysis has been carried out on the compowriidsnatural magnesium hydroxide
in comparison with the synthetic hydroxides. Th&netion of the studied samples to the
hydroxides (Hy, H5 and ATH) allowed us to overlotile effect due to the different
chemical composition of carbonates, which couldptleenfluence the particle-matrix
and particle-particle interactions, hiding the otheffects. In Figure 3.1.2.1.1 the
experimental viscosity curves as a function of sise@ss are reported for the composites
at different filler volume fraction (T=150°C). Thexperimental curves are compared
with the predicted curves, which are calculatecapplying an empirical model starting
from viscosity values of the matrix. The chosen effd (Maron-Pierce) takes into
account the only hydrodynamic interactions influeaad considers the filler constituted
by randomly close packed spheres (R@R64%). The theoretical curves predict the
rheological behaviour of composites characterizgdpbrfectly dispersed and non-

interacting filler particles, in case of hydrodyrianmteractions regime.
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Figure 3.1.2.1.1:Comparison between the experimental and the gest{ced curves) flow curves for the
hydroxides composites, taking into account rigilesjral particles with only hydrodynamic interacitso
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For all the composites, the experimental curvesuaderestimated by the prediction, but
Hy composite series show real curves, which argeclto the theoretical ones than ATH
and H5 composites. In particular it is possibleotiserve that the average numerical
distances between the predicted and experimentakswf synthetic hydroxides are
almost the same, while for Hy composite the distanetween the curves is half of the
synthetic ones. This result suggests the preseheevariety of effects, which could
influence the rheological behaviour of the compmssitn connection with the filler
propertied* 1%21% Among them it is possible to underline the péetianisotropy, the
particle size distribution, the yield stress effantl the dispersion degree of the particles
inside the composite.

By considering the particle shape, the results seelpe in contradiction with the chosen
hydroxides properties: generally at the same volfration, the particles, with an aspect
ratio higher than 1, show relative viscosity higtiean that of spherical particles due to
the different maximum packing tendency. Hy compogives real curves closer to the
ideal ones, even if the average aspect ratio qfatscles is very different with respect to
the spherical particle ones. However, as reporiethe previous paragraph, the average
needle-like shape of Hy particles could be considex factor of the lower viscosity due
to the orientation during flow.

The trend of the particle size distribution is greement with the obtained results in fact
the presence of particles with a wide variety ahelnsions allows a better packing
capacity of the filler and then the viscosity retilme of the composite.

The vyield stress effect mostly depends on parpelicle interaction and it is usually
appreciated at lower shear stresses than thoseredpby the capillary rheometer. For
this reason the evaluation of yield stress has loeerned out by means of a rotational
rheometer: the complex viscosity dependence onctimplex modulus is reported in

Figure 3.1.2.1.2 for Hy 40 composite.
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Figure 3.1.2.1.2:Complex viscosity of Hy 40 composite.

It is clear from the absence of upturns of theas#ty curve that the yield stress value, if
there is any, is very low (less than 1000 Pa).tkisrreason, due to the high shear stress
values measured in the capillary and the high iiffee between the experimental and
the predicted curves, the yield stress effect canigmored in the discussion of the
viscosity behaviour at high shear rates. An ingasion of the failure of the Cox-Merz
rule, whose breakdown is well documented for higtdpcentrated suspensidhs® is

far from the scope of the present work.

The last important factor, which should influende trheological behaviour of the
composites, is the filler dispersion degree in haterials. In the studied system the
viscosity trends for the natural magnesium hydrexcbmpound indicate a better
dispersion of the filler compare to that of the thytic fillers. In Figure 3.1.2.1.3 the
SEM micrographs of Hy 20 and ATH_20 are reported.
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Figure 3.1.2.1.3:SEM micrographs of the cryogenic fractures of ) 2D, b) ATH_20 and c¢) a
zoomed part of ATH_20.

Despite the difficulties of verifying the dispersidegree in such high filled materials, in
the reported images it is possible to observe higlggregation of particles in ATH
composite (as in the zoomed image) that is ledgsdifl in the Hy composite. The better
dispersion of natural magnesium hydroxide due ® phesence of different particle
dimensions can be also appreciated.

A deeper analysis of the rheological results hanlmmarried out calculating the relative

viscosity for the composites filled with the hydimdes. The relative viscosityy;, is

- V
1, n,

wherer. andn, are respectively the viscosity of the composite due matrix.

expressed as:

The relative viscosity is a function of shear sdrasd filler volume fraction. For this
reason it is necessary to select and fix a spesif@ar stress in order to evaluate the
effect of volume fraction of filler. The chosen ahestress value is around 300 kPa,
which guarantees that the system regime is mostiyimkated by hydrodynamic
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interactions. This could be an acceptable apprakimataking into account that an
overlapping of other effects would be possible.

In the graphs of Figure 3.1.2.1.4 the relative sty versus the volume fraction for all
the composites are reported together with the egipbn of three different mathematical
models, which try to fit the relative viscosity dain literature there are many efforts
done to describe the flow behaviour of highly filllesystems in terms of relative
viscosity-volume fraction of solid relationsfhif They are useful for understanding the
systems and for the prediction of the maximum pagHiaction ¢,), which is a best-fit
parameter corresponding to the maximum loadingllémea given compound, very

important for the estimation of optimal filler loiag™®’
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Figure 3.1.2.1.4:Relative viscosity versus volume fraction for Hif and ATH composites and
application of a) Mooney, b) Krieger-Dougherty and-rankel-Acrivos models.
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Three different models have been chosen for fittilg composites relative viscosity
data: Mooney, Frankel-Acrivos and Krieger-Doughefitige maximum packing fraction
results for the hydroxide composites are listedlable 3.1.2.1.1.

Table 3.1.2.1.1 Maximum packing fraction values obtained by diffet models fitting of relative
viscosity data.

@ ¢m ¢m ¢
Samples (Mooney) (Frankel-  (Frankel-Acrivos, (Krieger-
Y Acrivos) 3 points) Dougherty)
ATH_composite 0.56 0.44 0.40 0.96 ([7]=6.8)
H5_composite 0.57 0.45 0.42 0.94 ([7]= 6.4)
Hy_composite 0.61 0.48 0.49 0.65 ([7]=4.6)

Mooney and Frankel-Acrivos models expressions sufeliows:

5( o
Inp =2 —%__
G 2[1—¢/¢mj

:g{ (¢/¢m)1/3 J

" 81-(¢l@)"”

They are characterized by a maximum packing fracéie the only best-fit parameter.
Even if these models do not fit very well the riefatviscosity data of the synthetic
hydroxide composites (whilst the fitting is good fdy), they could indicate the relative
maximum limit of loading level for our compoundshé maximum packing fraction
values obtained for the composites are quite sinfifable 3.1.2.1.1), butg, for Hy
composite is the highest both for Mooney and FrbAkeivos models. The lower,
values for ATH and H5 composites could be relatetheé presence of a greater number
of agglomerates in the composite structure.

Furthermore these results point out that the parsize distribution can be considered
the most influent Hy characteristic on the rheatagbehaviour and dispersion level of
the composite in comparison with the used synthetdroxides, cause size distribution

Is strictly related tag,.
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An attempt of Frankel-Acrivos fitting has been dasso on three points of relative
viscosity, deleting the highest volume fractigg=(0.4). In this restrict range the fittings
seem better also for ATH and H5 compounds and tiwamum packing fraction values
are not so different from those obtained on theleskolume fraction range (0-0.4). This
behaviour could point out that in such highly filleystems the dispersion of the filler
could be changed by the flow effects, with the pmesformation of bigger particles

agglomerates. The effect is more pronounced in Al HS5 composites.

This hypothesis is also supported by the trendeelaftive viscosity against the shear
stress reported in Figure 3.1.2.1.5.
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Figure 3.1.2.1.5:Relative viscosity versus shear stress for thedydes filled composites at
different volume fractions (T = 150°C).

The increase ofy; at high stress only for the composite with 40 va¥diller (circle
markers) points out a shear thickening effect & tbading, which is caused by re-
organization of filler particles in the materialystering. The effect is more evident for
synthetic filler composites, especially ATH. Theister formation could influence the
composite rheological behaviour more than the dnfgrodynamic interactiofts

leading to a difficult theoretical analysis of tygstem containing this high filler amount.

65



Krieger-Dougherty is a semi-empirical and more ifdex model and its expression is as

( o 1l
g
%,

It is possible to observe that in this case theest@o best-fit parameterg, and[ /],

follows:

which correspond respectively to the maximum pagkirmaction and to the intrinsic
viscosity of the material. For this reason the KeileDougherty equation gives a better
fitting of the relative viscosity data of the stedicomposites (Figure 3.1.2.1.4 c), but this
does not prove that the best-fit parameters haakpieysical meaning. In general the
existing models are too simplified for describirgmpletely the complex behaviour that
these highly filled composites exhibit. Among théme simplest models, witl, as the

only best-fit parameter could give the most indi@atnformation.

The general considerations, which come out frons thieoretical study is that Hy
composite should show higher maximum loading tengeéhan the synthetic hydroxide
composites, as proved by the lower relative viggoslues at the same solids volume
fraction. Among all the filler properties, the pelé¢ size distribution seems to be the
most influent on rheological properties and disjgersin fact a larger size distribution
guarantees a better packing effect because ofdksilplity for the smaller particles to
fill the interstices left by the bigger particldsor this reason Hy composite should be
characterized by a better dispersion of the filed a lower tendency of clustering at

higher shear.

3.1.3. Extrudate swell and surface aesthetic quajitof highly filled EVA composites
with natural magnesium hydroxide (Hy)

Melt elastic property of polymers has been provgdniany studies to be the most
important characteristic determining the morphol@yyl surface of extrudate. It is of
great concern to many researchers due to the dépalithe elastic part in the system to
promote defects on a polymeric extruddte§® This has a strong effect on the quality of
end product for applicative interest.

The main common defects occurring in polymer extruare:
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» swelling phenomenon, when the diameter of the eatelproduct is larger than
that of the capillary diameter (Extrudate Swell);
» flow instability and melt fracture, when deformatsoand/or surface roughness

take place on the extrudate (Extrudate Morphology).

Extrudate Swell

The die swell ratioBarus effegtis an indication of dimensional stability of theterials
during processing. In fact it depends on the retat®on and recovery of the deformed
molecules as the melt emerges from the die. Thdisg/&ehaviour is highly affected by
a number of factors, such as shear rate, temperdtld ratio, filler content, etc. In the
composites, filler and polymer exhibit unequal aattive forces that lead to the
redistribution of fillers and recoiling effect dfe¢ polymer chairs®

The specific study deals with the effect of naturagnesium hydroxide on swelling
behaviour of EVA compounds. A comparison has beamied out also with the
introduction of synthetic aluminium hydroxide, whicepresents the reference for melt
elastic properties because it is the most usedefleetardant filler in highly filled EVA
composites.

The swell ratio values of EVA matrix are charaaed by high error range, because of
the difficult determination of average values doethe irregular morphology of the
extrudates, as shown in Figure 3.1.3.1(a). In @aldr it was impossible to determine
extrudate swell data for matrix at the highest slates and higher temperature, cause
the melt that emerged from the die was too hotiasuick with the material already out
(Figure 3.1.3.1(b)).

Figure 3.1.3.1:Photos of a) extrudate of EVA obtained at 130°€ ainshear rate of 2304 and b) the
whole EVA extrudate sample obtained at 150°C.
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Figure 3.1.3.2 shows the swell ratio versus appasieear rate for the matrix EVA and

Hy composites with different filler loading at teemature of 130°C.
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Figure 3.1.3.2:Swell ratio data vs shear rate of EVA matrix andddmposites at different filler loadings
at temperature of 130°C.
By observing the reported data it is possible taluate that the swell ratio increases by
increasing shear rate for EVA and Hy compositeusidtes. This result is in agreement

with previous research works**:

At higher shear rates the elastic energy staretie
polymer melt flow is higher and the extrudate swellues increase. Physically the
macromolecules, which are disentangled and oriemm&de the die, become entangled
again: higher is the shear rate, stronger is thstielrecovery after the die exit (higher
swelling effect).

The results point out also that more is the filentent, lower is the increase of the swell
ratio with increasing shear rate, indicating mdedke dimensions of the extrudate due to
the presence of very high loading of filler (alm66€6 by weight). It is verified that not
only the polymeric molecules but also filler pai could orientate under sh&arn
particular, the latter are difficult to turn baektheir original state when the melt leaves
the capillary die. The presence of the filler irages energy dissipation, so the elasticity
recovery is less for a filled polymer than for arfilled one. Furthermore the presence of
filler can limit the elastic recovery of the macrolecular chains, which are confined
along the extrusion direction in the capillary @iegure 3.1.3.3). This phenomenon can
explain the lower extrudate swell values we haveeoked for filled polymer than the

unfilled one at different filler volume percentagex at the studied temperatures.
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Filler loading

Figure 3.1.3.3:Schematic representation of the decrease in s\galli extrudate with increasing filler
loading (at fixed shear rate).

In the Figure 3.1.3.4 the swell ratio trend of H§ i& compared with the ATH_20 one at
150°C of temperature extrusion.
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Figure 3.1.3.4:Swell ratio data vs shear rate of Hy 20 and ATHc@®posites at temperature of 150°C.

The Hy composites exhibit lower die swell than &EH composites at all the analysed
compositions and the differences are not so muitheimced by the filler contents. This
suggests that natural magnesium hydroxide Hy isemaificient in reducing the
deformation rate of the system than the synthétim@ium hydroxide ATH.

The difference in die swell ratio between the twierf composites can be explained by
the analysis of the particle structure, the packamgor and filler-matrix interactich Hy
particles are characterized by higher average asata than ATH particles, which can
be considered spherical. At relatively high strgzslymer chains and solid particles
could orientate themselves according to flow diegtwhich Hy particles can perform,

while ATH cannot do because of their spherical sh#&s the melt flows out of the die
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the aligned polymer chain try to recover to thegiol configuration, but the elastic
rearrangement is more restricted by the presend¢ygsarticles than ATH, due to the
compact cage structure (Figure 3.1.3.5), which remefficient in creating a less
deformable extrudate.

ATH Hy

Figure 3.1.3.5:Schematic representation of the internal cagetsire of the ATH and Hy composites.

ATH particles are characterized by narrow partsiie distribution and spherical shape,
which allows the formation of more micro-voids imetcomposites packing structure.
This scenario leads to a denser packing structurely composite than ATH composite
and consequently to a lower swelling effect.

The stronger capacity of Hy filler in maintainingage structure with the polymer could
depend also on filler-matrix interaction. Averadeage, size distribution and larger
specific surface of the particles indicate that hlwe higher possibility of interacting

with polymer than ATH and of enhancing melt stréngt the system, which cooperates

in stabilizing the internal structure of the comipms

Extrudate morphology

Melt flow instabilities and extrudate distortion viea been known to occur during
extrusion of polymers. They lead to formation afighness and tearing on the extrudate
surface upon emerging from the die. The capillfugometer allows the analysis of the
extrudate morphology, cause it is possible to sadecthe extrudate sample different
portions corresponding to different shear rate xifusion. Here, the most indicative
portions are reported in order to evaluate the aserfmorphology of EVA and
composites extrudates, pointing out the effects nafural magnesium hydroxide
incorporation in comparison with the other fillers.

The analysis of the surface roughness has beemniatgdl by optical microscope and

SEM micrographs to appreciate also the smalledierdiices. The study is only
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gualitative, because it is difficult to quantifyetilystem and to determine by far the most
influent factors on surface morphology for thisckiof materials.

In Figure 3.1.3.6 the extrudates at the lowesttarchighest apparent shear rate of pure
EVA at 150°C are reported.

Figure 3.1.3.6:EVA extrudates at apparent shear rate of a)l#nsl b) 2304 $and temperature of 150°C
and c) at 2304 swith temperature of 130 and 110°C.

While the extrudate at low shear rate shows a sergoth and regular product, at higher
shear rate the morphology is very irregular arghdws also the sticky effect of the melt
with the previous emerged material. Almost the sdaemglency can be seen at lower
temperature (130 and 110°C), where, even if trekgteffect is lower, the morphology
of the extrudate is characterized by deformatiorhigher shear rate. This kind of
deformation could be due to the strong effect efashstress at higher extrusion rate,
which causes flow instability”. It is possible to observe in EVA that there ao¢ any
effects of sharkskin both at lower and higher shede, with the exception of the
extrudate at 110°C, where the slight roughness avbal caused by the local friction of
the surface material during slippage at the capilleall (common at lower temperature).
The absence of evident sharkskin on EVA extrudatesagreement with what is known
about polyolefin extrusion, because usually therkdidan phenomenon influences
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polyolefin materials composed by linear macromdiegt?, as those obtained by Z-N
catalysts and metallocene, while EVA is producedrdnjical polymerization and it is
composed by branched macromolecules.

In Figure 3.1.3.7 the effect of incorporation otural magnesium hydroxide in EVA at

40 vol% on surface morphology is shown.
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Figure 3.1.3.7:Hy_40 extrudates at different shear rates.

It is believed that the introduction of a filler aapolymeric matrix takes to the reduction
of deformation'®: this is true also for Hy composite, where theomoration of filler
makes the extrudates more compact and without ltve ihstability effects of EVA
extrudates at high stress, as it has been shownimlthe scheme of Figure 3.1.3.4.
However it is possible to observe that the intrdiducof 40 vol% of Hy gives rough
surface of the extrudate and this effect is enhduvaiéh increasing the shear rate. The
same shear rate effect is obtained for the otHerdj both synthetic and natural ones. At
high shear stress, the phenomenon can be clasasiedelt fracture due to the evident
periodic defects, while it is difficult to classitjearly the Hy 40 surface fracture at low
shear rates as sharkskin. For this reason theceudhthe extrudates is analysed and
compared in terms of surface roughness and aastieility.

The synthetic aluminium hydroxide effects on itsnpmsite extrudate morphology can
be seen in Figure 3.1.3.8.
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Figure 3.1.3.8:ATH_40 extrudates at different shear rates.

Even for ATH_40 composite, which could be considetiee "reference material" for
surface morphological quality of extrudated compeshe surface becomes rough at the
highest used shear rates (2304 and 1452 However, ATH_40 compound shows
smooth surface of extrudate at quite high shear (aF6 &) confirming its better
aesthetic properties than Hy_40.

In Figure 3.1.3.9 the extrudates of all the studiethposites at 40 vol% are reported in
order to appreciate the main differences among theimas been chosen to study the
morphology of the extrudates at the lowest shesrbecause the extrusion rates used
for cable production as industrial reference amemfr10-20 & until 200-300 8,
depending on the cable part and type Furthermore, the main differences in
morphology caused by filler properties could beerbsd at the lowest shear rates, where
the flow and hydrodynamic interaction are less @ife than the intrinsic composite

properties.
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Figure 3.1.3.9:Extrudates of composites with a) synthetic fillarsl b) natural fillers obtained at 18 s
apparent shear rate and T=150°C.

a)

The incorporation of synthetic fillers and calciwarbonate leads to regular and smooth
external morphology, confirming that the regulary the shape and particle size
distribution of the filler are very influent alsm ¢the extrudate surface properties.
Observing Hy 40 extrudate the main evidence isithatrough even at the lowest shear
rate used in this study. A similar behaviour colle found for Mf_40. In SEM
backscattering micrographs of Figure 3.1.3.10 ipassible to see that, even if the
extrudate are both rough and they take almosteés#me tactile sensation, the nature of
roughness is not the same: Hy 40 shows "waves"rmeton on the surface, while

Mf_40 looks less warped but with holes and ruptar@she skin.

a) b)

Figure 3.1.3.10:SEM backscattering micrographe66) of extrudates obtained at I8apparent shear rate
e T=150°C of a) Hy_40 and b) Mf_40.

In Figure 3.1.3.11 the SEM backscattering microgsapf the same surfaces are reported
at higher zoom values for a deeper evaluationefitler effect.
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Figure 3.1.3.11:SEM backscattering micrographslQ00) of extrudates obtained at I8apparent shear
rate e T=150°C of a) Hy_40 and b) Mf_40.

It should be observed that in Hy_40 the filler-matidhesion is strong and the material

looks homogeneous, while in Mf_40 the adhesion betwfiller and matrix is not

complete especially with the biggest particles,ating defect points on the surface.

Ariffin et al.t'°

studied the effects of talc and calcium carbormatePP melt elasticity
phenomenon and they found that talc (aspect ratig eould orientate along the melt
flow together with the polymer chains, improvinfieii-matrix interaction and creating a
less deformable extrudate than Ca&3pect ratic= 1). In our case, natural magnesium
hydroxide could interact more strongly with EVA meatthan Mf especially due to its
particle shape (average "needle-like" shape) asdn dhe case of talc, it can create a
more compact surface on the extrudate than magnesitbonate.

The main different aspect between talc used byfiArét al. and natural magnesium
hydroxide of this work is the irregularity of Hy mpales, which could make the
difference on surface morphology. In fact talc im@yation in PP composite took to
better aesthetic quality of extrudate than CaGahilst in our case Hy composite shows
the worst surface almost in the same conditipn T, @ etc). The particle shape
irregularity seems to be the most influent factor the surface roughness of Hy
composite extrudates, which could be consideredblgmatic feature of its industrial

use for cable application.

Control of surface aesthetic quality for Hy compesi

In order to find how the surface of Hy compositéreaates could be better, the changes
on the surface morphology have been verified by ifyiong) the following conditions:
temperature, filler loading and mixing with anotfi#ler. No attempt to change the filler
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surface or to use interfacial additives has beeriechout, because it does not concern
this PhD thesis research.

In Figure 3.1.3.12 the extrudates of Hy 40 obtaiaethe lowest shear rate at different
temperatures are reported in comparison with tiob3éf 40 because they represent the

composites with the problematic extrudate morphplog

Figure 3.1.3.12:Extrudates at 18%sat different temperatures of a) Hy 40 and b) Mf_40

It can be observed that the surface of Mf_40 da#schange so much with decreasing
temperature, showing almost the same fracture teffgc 40 composite shows, instead,
small cracks on surface at 150°C, which increasemplitude at 110°C pointing out that
surface morphology of Hy composite becomes betjeinbreasing temperature. The
improvement of surface quality on Hy sample candbe to the relative low elastic
recovery and the high mechanical restraint of tlaenmal at higher temperature, which
reduce its surface roughness at the exit of the s kind of effect could be more
definite in Hy_40 than in Mf_40 because of the lowelymer-filler adhesion noticed for
magnesium carbonate composite.

The effect of Hy loading has been also evaluatetithe extrudates at different volume
percentage of filler are shown in Figure 3.1.3.13.
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Figure 3.1.3.13:Extrudates of Hy composites at different volumecpatage of filler (150°C and 18)%

Decreasing Hy amount in the composite, the surbdaxtrudate appears smoother and
more coherent. However it does not reach the astheality of the synthetic filler
composites (Figure 3.1.3.9). As it is possible fgpraciate comparing the SEM
backscattering micrographs in Figure 3.1.3.14, itnegular shape of Hy particles
influence deeply the surface aspect of the extasja&ven at lower filler total amount (20

vol%).

&5 ZBBMm

Figure 3.1.3.14:SEM backscattering micrographe6) of extrudates obtained at I8apparent shear rate
e T=150°C of a) Hy_20 and b) ATH_40.

The last attempt regards with the mixing of differpercentage of Hy with the synthetic

aluminium hydroxide in order to evaluate how théura filler influences the surface

morphology in combination with the reference fillear extrudate surface quality.

Mixtures of magnesium and aluminium hydroxide uasdiller (for composite) has also

great applicative interest because they are alremdyl in combination due to their

synergistic flame retardant effetfs '
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In Figure 3.1.3.15 the photos of the extrudatedif@rent ratio of Hy/ATH (with 40
vol% as total volume percentage of filler) are mpd.

Figure 3.1.3.15:Extrudates of composites filled with 40 vol% of mise of Hy and ATH at different ratio
(150°C and 1879.
The influence of Hy incorporation is very low at ainpercentage (composition with
ratios 5/35 and 10/30), while a rough and inhomeges surface can be appreciated in
the composition with ratio 20/20 as a result of ptgsence. At percentage lower than
50% as filler mixture the synthetic hydroxide codilthder the natural Hy effect. It is
possible to deduce that the combination of Hy witlers, whose composites are
characterized by good aesthetic quality, can takeadceptable results in terms of
extrudate morphology if the Hy amount is less thaff of the total amount of filler
(around 60 wt%). This could be considered a possitlatagem for the applications,
which need good surface of products allowing theimgi of different fillers and so
decreasing the cost of materials.
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3.1.4. Mechanical properties of the highly filled A compounds

The analysis of mechanical properties of compodii@s been carried out in order to
evaluate the main influences of natural magnesiwdrdxide properties Hy in
comparison with the use of the other syntheticraatdral fillers (H5, ATH, Mf and SM).
Despite the high amount and the irregular propemiethe studied natural fillers (wide
size distribution, irregular particle shapes, etojne attempts of results rationalization
have been done according to previous works on nmézdldbehaviour of composites.

The representative stress-strain curves of EVAimatrd related composites at different

Hy content are depicted in Figure 3.1.4.1.
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Figure 3.1.4.1:Stress-strain curves of EVA and Hy compositedférént filler loading.

In agreement with what is already repotfed the introduction of filler, like natural
magnesium hydroxide, leads to an increase of Yeumgdulus, yield strength and a
decrease of elongation at break with increasigyfdontent. In particular the elongation
at break seems to remain quite high also at 30 yvbi#towhen the filler loading becomes
higher its reduction is really drastic.

In Figure 3.1.4.2 representative stress-strainesiof the composites filled with 40 vol%
are reported: Hy composite shows different tremmyasponding to different tensile
behaviour compare to the other composites. Forti@rbeomprehension of differences
and properties, Young's modulus, tensile strength elongation at break results have

been analysed.
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Figure 3.1.4.2:Stress-strain curves of the composites with 406vol different fillers.

The dependence of Young's modulus of all the chosemosites on volume fraction of
the filler is shown in Figure 3.1.4.3. The relativeung's modulus is used for describing

Young's modulus dependence on the filler contedtitacan be expressed as:

_E
Erel - /Em

where E and E, are respectively the Young's modulus of the con@asd the matrix.
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Figure 3.1.4.3:Dependence of the relative Young's modulus o8Yé composites on the filler content.
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The obtained results are in agreement with whatleas indicated by previous wotk
cause in general relative Young's modulus increastts increasing filler content and
this is attributed to the higher modulus and séiffm of inorganic particles in respect to
polymer matrix. Among the analysed samples, Hy amsiip exhibits the highest
increase with filler loading.

In Figure 3.1.4.4 tensile yield strength resultsaoted for the analysed composites are

shown. The tensile yield strength obtained for Eviatrix as reference is 2420.1 MPa.
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Figure 3.1.4.4:Dependence of the tensile yield strength of tighlgifilled EVA composites on filler
volume content.
Even tensile yield strength data for all the conmessincrease with increasing filler
loading and in particular both natural and synthathagnesium hydroxide filled
compounds show the highest values.
The different tensile yield strength values coué dorrelated to interfacial interaction
between polymer matrix and filler. Pukanszky andaders® reported a semi-empirical

correlation as an attempt for estimating the mditlier interfacial adhesion:

_ 1-¢
O.= Um[WJeXP(By@)

where g; and gy, are respectively the yield stress of the compssited the polymer

matrix, @ is the volume fraction of the filler arig} is the empirical parameter related to
the stress transfer and proportional to the intgafaadhesion. The equation is based on
volume fraction dependence of the tensile yielebrggth in heterogeneous polymer

materials.
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The correlation has been applied on the obtainedltee for EVA composites as an
attempt to have an indication of the modificatioh roatrix-filler interaction by

introducing the different fillers. In Figure 3.1%4the linear plots of In(x), which
corresponds tm[o, (1+2.5¢)/0,,(1- )], versus the filler volume fraction are reported

for Hy and ATH composites as examples.
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Figure 3.1.4.5:Dependence of the relative tensile strength o1& composites on the filler volume
content.

By parameter for all the composites has been caémlilas the slope of the linear curves
and the values are reported in Table 3.1.4.1.

Table 3.1.4.1 Results for the empirical parameBgrand the corresponding &f the linear fitting.

Sample B, R®
Hy composite 6.81 0.981
ATH_composite 6.17 0.991
H5_composite 6.62 0.988
Mf_composite 6.10 0.991
SM_composite 6.20 0.987

Even if the values are close each other, the sesuicate that the interfacial adhesion of
magnesium hydroxide fillers are stronger than ttieers, and in particular the natural
magnesium hydroxide shows the highgsvalue.
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These results give an indication of the overalhkgg interfacial tension and filler-matrix
interaction of the natural Hy, which could be daebtmbination of high specific surface
area, high particle size distribution and averdggpse of the particles. For this reason Hy
seems to be the most reinforcing filler among thesed for samples preparation.

The application of this model to the compositesdatés also that SM composite should
have almost the same interfacial interaction of Agémposite. This is an opposite
indication in respect to the Young's modulus angJysigher for ATH than for SM
composites. This result could be clarified by cdesng the different trend of the stress-
strain curve (Figure 3.1.4.2): SM_40 has the lovetisiss in the first part of the curve
and it reaches higher elongation at yield than A4® where the tensile strength values
of these two compounds become almost the same.

The limit data'® of maximum elongation at break for the compositepending on the
filler volume fraction are reported in Table 3.2.4The obtained result of elongation at
break for EVA matrix is around 1000%.

Table 3.1.4.2:Elongation at break of the composites expressédichisiata.

Volume Hy ATH H5 Mf SM

fraction composite composite composite composite composite
0.2 > 600 % > 800 % > 800 % > 800 % > 800 %
0.3 > 200 % > 400 % > 400 % > 400 % > 600 %
0.4 =40 % =80 % =70 % =70 % =90 %

" The elongation at break values for highly filleshgposites are affected by high error values anditthie data are
used to give the indicative idea of elongation lvéha of the samples.

The general trend of the results is the decreas¢h®f maximum elongation with

increasing filler loading for all the composites.id also interesting to underline the
significant reduction of the elongation capacityemhthe composition of 40 vol% is

reached.

As it could be expected, Hy composite shows theekiiimit data of elongation at break
for all the compositions. Even at 20 vol% of fillewntent, while all the other composites
could get elongation results higher than 800%, HByréaches a lower elongation limit
(600%). The reduced deformability of EVA matrix ity composite is probably due to

filler-matrix interaction: adsorbed polymer chaios particles surface lead to higher
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rigidity (as indicated also by the higher Young'sdulus for these compositions), which
leads to earlier fracture initiation and propagaitio **°

Figure 3.1.4.6 shows SEM micrographs of fracturdase section of the composites
Hy 20 and H5_20 after tensile measurement. Theyreperted for a comparison
between the different fracture morphologies thaé tthosen natural and synthetic

magnesium hydroxides can create inside the congsosit

Figure 3.1.4.6:SEM micrographs of the fracture surface sectioa)dfly 20 and b) H5_ 20 composites
after tensile measurement.

H5_20 sample is characterized by evident proof laéti deformation of the matrix:
even if the filler content is high, the ligamentgrsunding the filler particles are still
deformable, creating a "fibril-like" structure whicis strictly related to the high
elongation limit data obtained. In this case maygl@merates of particles could be found
than in Hy 20, as indicated by the theoretical apph on rheological properties
(paragraph 3.1.2.1).
On the contrary, for Hy 20 fracture section, nongigant plastic deformation can be
observed due to the limited molecular chain mapilituring tensile measurement.
Analysing the micrograph relative to Hy_ 20 it isspible to highlight even that the
polymer matrix looks like "cut" in many points dfet fracture surface. This could lead to
a second factor responsible for the lower elongatd break of Hy composite: Hy
particles, with their long and irregular shape, Idoact as blades thereby helping the
formation of crack points and their propagation.
However the elongation property of Hy compositelddae improved by the use of filler
surface treatment as reported for other fifferé®*2® Specifically in a previous wotkit
was found that the use of an organic treatment arataral magnesium hydroxide
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(produced by the same company with the same probegscharacterized by lower
average patrticle size than Hy) led to higher maxmalongation data of the EVA based
composites than the incorporation of the virgitefi(respectively= 120% and= 60%). It

was also confirmed that an increase in elongatidesk for the coated-filler composite
takes to a decrease of yield strength (from 16QtdMPa). It can be pointed out that a
possible improvement of deformation property for édynposite with an organic coating

would damage its reinforcing performance.

3.1.5. Thermal degradation behaviour of highly filed EVA composites

The evaluation of the effects that the naturalefdl Hy, Mf and SM on thermal
degradation of poly(ethylene-co-vinyl acetate) hdween performed by TGA-FTIR
analysis. The measurements have been carried@mut30 to 1000°C at heating rate of
20°C/min in order to obtain good compromise betwdenTGA and FTIR analysis on
evolved gases. In fact a slow heating rate is gomah TGA point of view because it
avoids overlapping of degradation steps when theypln at close temperatures, but
according to Berbenni et &* high heating rate is necessary to achieve thedoesity

of FTIR results.

3.1.5.1. TGA study of the natural fillers (Hy, Mf and SM) influence on EVA thermal
degradation

It is widely reported that the thermal degradatmnunfilled poly(ethylene-co-vinyl
acetate) takes place in two steps, which changéatkliwith the vinyl acetate content.
The first one occurs mainly between 315 and 41&3€ it corresponds to the deacylation
of the vinyl acetate groups in EVA. The second ssepttributed to the degradation of
the hydrocarbon chains and it occurs in the rarfigél6-530°C. In the case of EVA
matrix with vinyl acetate content of 27.7 wt% theadylation stage results in a weight
loss of around 19%. All these information can benfibin Figure 3.1.5.1.1, where TGA
curve is reported together with those of Hy comigssi
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Figure 3.1.5.1.1.TGA curves of EVA and Hy composites at differatief content (N, 20°C/min).

By comparing the TGA curves, it is observed tha tlecomposition of the Hy filled
composites seems to follow the same trend for itisé $tep of degradation, while the
composites are slightly more stable in the secoepl and the thermal stability increases
with the filler content. Finally it is possible s®e a third step of degradation, related to
the decomposition of magnesium and calcium carleomathe range of temperature 550-
750°C.

The similarity between EVA and Hy composites cunaehsing the first step of
degradation is due to the dehydration of magnediydroxide, which is anticipated in
the composite, as can be observed in the Figur®.8.2 where the derivative TGA
curve of Hy 40 is compared with those of EVA matand the filler Hy.
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Figure 3.1.5.1.2:.DTG curves of Hy 40 compare with EVA and Hy cur(¢ds ,20°C/min).
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It has already reported that in EVA compositededilwith magnesium hydroxide, the
loss of acetic acid from the polymer and water fioydroxide occur almost at the same
temperature and this is one of the factors makegesum hydroxide an effective flame
retardant additive for EVA compourtds

The experimental TGA curves of EVA, Mf_40 and SM_4fe reported in Figure
3.1.5.1.3, together with the calculated TGA curire®rder to highlight the effects of

magnesium and calcium carbonate in EVA during ggradation process.
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Figure 3.1.5.1.3:Comparison between experimental and calculated T@»es of Mf_40 and SM_40
composites (B 20°C/min).

This kind of approach takes in account a linear lwoation for predicting the thermal
behaviour of the composites, assuming no intenastimetween the filler and the matrix:
their theoretical TGA curves can be obtained by shen of the component curves
multiplied by their weight fractior?>. The calculated curves are obtained following the
mixture equation:

Mineo(T) = Xiiter [ M gie (T) + X

M T)

filler polymer polymer(
whereMegiler andMpoymer are the experimental TGA curves of the filler ahd polymer
matrix respectively, whileier and X,oymer are the weight fractions. The differences
between the calculated and the experimental cupu@ put the possible effects coming
out by filler-polymer interaction. In Figure 3.1153 it is possible to appreciate a shift
towards higher temperature for the first degraasitep for both Mf and SM composites.
This could be in witness of the interaction betwéker and polymer, corresponding to
higher thermal stability of the composites comgaréhe theoretical curve. The result is
in agreement with what reported by previous worktloe use of filler in polyolefin

compound¥®. In this specific case of EVA matrix the enhansgability characterized
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mostly the step of acetic acid loss. In partic8d 40 experimental TGA curve shows
the presence of a weak additional step duringdbkge of acetic acid, which is highlighted
in the zoomed area.

In Figure 3.1.5.1.4, where the derivative curve T®@A of Mf 40 and SM_40 are
reported in comparison with that of pristine EVAnyple Mf_40 shows the two steps
corresponding to EVA degradation with maximum rafteveight 10SS (fax ra at 382°
and 493°C and further two steps due to thermodeatjeadof magnesium carbonate and
calcium carbonate impurities {Ix rate0f 629° and 735°C).
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Figure 3.1.5.1.4:Derivative curves of TGA of EVA matrix, Mf_40 ar8M_40 composites (\
20°C/min).
Observing the DTG of SM_40 a shoulder with miniman#29°C appears in addition to
the expected peaks of EVA degradation (maximumat®’3° and 494°C) and calcium
carbonate degradation {Jx rat= 843°C). The presence of this additional peak @iGD
curve could indicate a new degradation step iniwalccarbonate composite, which

happens between the loss of acetic acid and tladygig of residual hydrocarbon chains.

3.1.5.2. FTIR study of the evolved gases during theal degradation of natural
carbonates SM and Mf filled EVA composites

The thermal degradation behaviour of the compoSiké 40 has been more deeply
analyzed in order to understand what happens dtnedurther degradation step found
in the TGA at 429°C and so deduce how the incotmoraf natural calcium carbonate
should influence the EVA degradation behaviour. thes kind of study, the combination

of thermo-gravimetric analysis or laser Pyrolysisd aFourier transform infrared
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spectroscopy (FTIR) can be employ&d These techniques are considered good for
probing the chemical species in the gases evolwethgl thermal degradatidff
giving information about the composition and theeraf emission of the species in the
time of analysis. In particular, in addition to tR€IR spectra of the evolved gases, it is
possible to evaluate the Gram-Schmidt curve (GaS)econstruction of the acquired
interferograms based on vector analysis, which shib trend of the total ejected gases
detected by the spectrometer, and the three dimmaisidiagrams, which show the
absorbance corresponding to the vibrational mo@esug the wavenumber and versus
the time. In this specific study the three-dimensiadiagrams are reported as 2D-maps
(absorbance is reported as colour intensity) bec#usy give a more clear qualitative
picture of the overall evolution of the FTIR spetif

In Figure 3.1.5.2.1 the DTG curve and the corredpanGram-Schmidt (G-S) infrared

thermogram obtained for the SM_40 composite arerteg.
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Figure 3.1.5.2.1:Derivative curve of TGA (black line) and Gram-Sdtihthermogram (red line) of
SM_40 composite.

The G-S thermogram shows a trend versus time, wéeelms to correspond completely
to the minimum peaks of the DTG curve. This resudicates that even by evaluation of
the evolved gases, two peaks appear in the first glaG-S curve for composite
degradation, corresponding to the DTG peaks at 8iA8°429°C.

The 2D-maps of evolved gases for pristine EVA arid_&0 is shown in Figure
3.1.5.2.2.
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Figure 3.1.5.2.2:2D-maps of FTIR spectra for the evolved gases\A Ehatrix and SM_40 composite.

Comparing the 2D-maps related to EVA and SM_40 a#gjron, two events (A and B)
can be clearly observed in the composite map imahge of 900-1300 seconds, together
with the shift of some FTIR signals. The secong stmrresponding to pyrolysis, is
almost the same for both the samples, except &hijher absorbance of signals in EVA
2D-map. The FTIR shift of the signals should intkcthe evolution of different species
during the first (A) and the second (B) degradasiteps of SM_40 composite.
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In order to analyse better the evolved gases, THR Bpectra obtained at the maxima of
the Gram-Schmidt thermogram have been selecteaeimange of temperature between
300 and 450°C. In Figure 3.1.5.2.3 the spectra78°@ and 429°C for SM_40 are
compared with the spectrum at 376°C for EVA.

|
2
= -
€
4
2 g
o 2 8
2 = A -
4 - 0
EVA (376°C) J\\ 3
- - [N
2 3
i
T
{ SM_40 (373°C) \ M A
ok o A S s GRS o NURFPRAPINSIS b SRR L N,
B
- wy a
( \ 2
% | T
8 | \ AR
- \‘ | || \ |l
S8 Hl [ \
b -3
SA & | | kA f '.\ ,‘ II
{1 SM_40 (429°C) g [ A Tl k p
.,.Mu,..\r.mv.‘,..“..\_w,,,\-......,...m,,.-w.,w‘%-m...M...,._M..“,.-“r | S ‘—,_,«-q_,,_b___,__.h.f‘" N - e o P Y VP 4 LNU‘
5000 4000 3000 2000 1500 1000 452

wavenumber ( cm'l)

Figure 3.1.5.2.3:FTIR spectra of the gases obtained at the maxin@raf-Schmidt profiles of EVA (at
376°C), and of SM_40 (at 373°C and 429°C).
The spectrum at 376°C for EVA matrix correspondsngrily to acetic acid, with the
typical bands at 3595, 1797, 1380, 1266 and 1185 ¢nis possible to see the presence
of the signals at 2164 and 2362 trorresponding respectively to CO and G@d the
bands in the region 3000-2850 ¢rindicating the presence of small amount ofsCH
These species could indicate the secondary aceyatdysis, which has been already
reported by thermal degradation study on EVA comaly using heating rate higher than
10°C/min,
The SM_40 spectrum at 373°C is similar to that &AEand this implies that the
composition of the gaseous mixture for the firgpsbf degradation of EVA and the
composite is quite the same, in fact the typicghnals of acetic acid are present.
However some differences can still be envisaged:ptesence of a small amount of

water (band around 3700 &nand a huge amount of carbonic anhydride compare t
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EVA. The latter result could indicate an enhanceneésecondary acetate pyrolysis due
to the less concentration in the evolved gases flux

The spectrum obtained from G-S plot of SM_40 at°€2%orresponding to the further
step of degradation, shows still the presence of &@ CO in small amounts and strong
absorptions at 1737, 1365 and 1215'able 3.1.5.2.1 shows the assignments of the
main IR bands to vibrational modes of atomic grofged in the spectrum. On the
whole, the assignments should indicate the typitaational modes of aliphatic ketone
species, which should be the main compound intbé/ed gaseous mixture.

Table. 3.1.5.2.1Assignments of the IR bands to vibrational modestemic groups for the spectrum at

429°C.
Wavenumber (cni?) Vibrational mode
3017-2866 C-H stretching vibration
2359 CQ
2150 CO
1737 C=0 stretching (carbonyl)
1365 C-H bending
1215 C-C stretching

The presence of the signal at 1737 ctbands in the range 1740 - 1720 Yrhas been
reported by previous studies on thermal degradatiopristine EVA as formation of
some species with carbonyl groups different fromtiacacid. Marcilla et at*! indicated
the possibility of aliphatic aldehydes formatiomt they could see the specific signals
mostly when the degradation analyses were caruedtamxidative atmosphere. Sultan et
al.»*? reported the presence of acetaldehyde, ketonepgrand trace of lactones in the
evolved gases coming from EVA degradation. In paldr they justified the formation
of acetaldehyde by introducing the concept of a etitive reaction for vinyl acetate
decomposition, which could follow radical or mol&umechanism, taking to the

formation of ketone groups on the main polymer chiastead of double bonds:
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Figure 3.1.5.2.4:Schemes of reaction of acetaldehyde formatiomdutiermal degradation of EVA
taken from Sultan et &f? with the molecular (I-b) and radical mechanisns)(l-

In our thermal degradation study, the TGA-FTIR gsial carried out on EVA matrix
doesn't show clearly the presence of carbonyl gioupe evolved gaseous mixture and
this could be due to an instrumental limit; furthere none of the aldehyde bands
(especially that at 2747 ¢thcould be found both in the EVA and SM_40 specTisese
results point out that the formation of carbonyhdtional group on the main chain of
polymer could be possible and the reaction couldrbplified by the presence of calcium
carbonate, but there is no confirmation abouttiieghanism cause no trace of aldehydes
could be detected.
The other possibility, which could explain the het degradation step beyond the loss of
acetic acid in SM composite, takes into account tta spectrum obtained at 429°C for
SM_40 could be that of a short aliphatic ketone ldcetone. The spectrum of acetone
(vapour phase) and the spectrum at 429°C for SMard@ompared in Figure 3.1.5.2.5,

where it is possible to appreciate the similaribéalmost all the signals.
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Figure 3.1.5.2.5:Comparison between FTIR spectrum of pure acetesq@o{ur phase) and the spectrum
obtained at 429°C for SM_40 during thermal degradat
There are many works on the thermal decompositfatifferent acetates or conversion
of acetic acid forming acetoti& *** It is known that acetone can be produced by teeta
thermal decompositidf® and the process was used for industrial produdiigfore the
method of hydrolysis of cumene hydroperoxide hasnbetroduced. In particular
calcium acetate was widely used as raw materiahéatone production, exploiting the
reaction (temperatures around 400°C):
Ca(CHCOO), -, CH;COCH; + CaCQ
Many studies have been carried out also on theassion of acetic acid into acetone in
gas phase using different hydroxides, oxides amdooates as catalyst. Depending on
the used temperature together with the adsorptidecatalytic interactions of gas phase
acetic acid with the solid surfaces, different @egof conversion could be obtained,
following the reactiot?®
2CH;COOHg) - CH3COCH; (g)+ CO () + HO(g)

In the decomposition process of the SM composite, &cetic acid released for
decomposition of the vinyl acetate groups of EVAtnmacould interact with the calcium
carbonate, such as a "solid surface" or probabbtpitild form directly calcium acetate
reacting with calcium carbonate. In both casesctiverersion of acetic acid into acetone
seems to be possible also in the EVA compositedillvith calcium carbonate. In
particular these mechanisms could be supporteddéyemperature value at which the

ketone species are obtained by FTIR analysis:riesponds to the temperature of acetic
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acid conversion in the presence of the most oflysitaand to the decomposition of

calcium acetate (Figure 3.1.5.2.6).
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Figure 3.1.5.2.6:TGA curves of hydrate calcium acetate and SM_40,ZN°C/min) with the main
evolved species in the steps.
The FTIR analyses of the evolved gases have bedrdctaut also on the sample Mf_40
in order to understand if magnesium carbonate cahlow a comparable effect to
calcium carbonate on EVA degradation path. As regpreviously, in the TGA curve
of Mf composite no different step can be seen athéncase of SM_40 and the same
trend is obtained for the G-S diagram, which dassshow any further moment of gases

emission (Figure 3.1.5.2.7).

derivative weight

ALSUSILE 5-5)

tirme {s;cjl

Figure 3.1.5.2.7:Derivative curve of TGA (black line) and Gram-Sdtihithermogram (red line) of
Mf_40 composite.
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Analysing in detail the FTIR spectra at three poiof G-S plot for the first step of
degradation reported in Figure 3.1.5.2.8, it can diserved that it shows some

differences compare to that of pristine EVA anchiainges with increasing temperature.
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Figure 3.1.5.2.8FTIR spectra obtained at different moments offifs¢ degradation step for Mf_40.

The first spectrum related to the beginning of ddgtion indicates primarily the
presence of CQand acetic acid, even if the peak at 1797 amows a shoulder at lower
wavenumber, which is not evident in EVA spectrungife 3.1.5.2.3). The second
spectrum corresponds to the maximum of G-S plotieedows a higher signal at 1737
than at 1797 cih together with the shift of the other main peak36f and 1216 ci:
these changes indicate that the evolved gasesmisttnot composed just by acetic acid,
but also by species containing carbonyl group. [Bkespectrum taken at the end of the
first degradation step is very similar to that ai¢a for SM_40 at 429°C (peaks at 2932,
1737, 1363 and 1216 ¢y confirming the emission of aliphatic ketonesoals Mf
composite. These results point out that both th&wa and magnesium carbonate show
a similar effect on EVA first degradation step,iwibhe formation and emission of ketone
species, which can be detected by TGA-FTIR techaiqu
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The main difference between the studied carborsiest the effect on EVA degradation
behaviour is the temperature of formation and thieemission of the ketones. In Figure
3.1.5.2.9 the G-S plots with the absorbance intgrudi IR bands related to acetic acid
(1797 cm') and ketone (1737 chy are reported for SM and Mf composites.
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Figure 3.1.5.2.9:Gram-Schmidt profiles and absorbance intensitytmtic acid (1797 ci) and ketone
(1737 cn) typical IR bands for (a) SM and (b) Mf composites

As it can be observed in the Figure 3.1.5.2.9 ttims&ion of ketone species for SM
composite shows a strong delay compared to thesamisf acetic acid confirming the
two different moments of degradation. For Mf compogshe emission of ketones is
almost together that of the acetic acid, excepafhitle delay and presence of the second
peak at higher temperature. This result shouldfome the hypothesis of acetic acid

interaction with the filler and the probable acetédrmation in situ during composite
degradation. In fact acetic acid lost for vinyl @te decomposition in Mf composite
could be absorbed on magnesium carbonate and/oalpisomagnesium acetate could be
formed. In this case the conversion to ketone earout at lower temperature than that
observed in the case of calcium carbonate (therdposition temperature of magnesium
acetate is around 330°C) almost at the same temperature of acetic acisel
All these results show that the introduction oftbotagnesium and calcium carbonate in
EVA has a strong effect on the thermal degradati@iaviour of the polymer,
influencing the degradation path of the polymerimythe first step, when vinyl acetate
groups decompose and acetic acid is releasedndtipossible to exclude that a similar
effect happens also in the composites with Hy (andjeneral hydroxides), but the

coexistence of dehydration reaction of the filled aacetic acid release of the polymer
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makes impossible a clear analysis with this teamigause the typical signals of water

hide completely the other bands in the IR spectra.

3.2. Flame retardant properties of EVA composite fied with natural
magnesium hydroxide (Hy) in combination with otherflame retardant
additives

It is possible to find a variety of papers in l&aré***on the use of different additives
in combination with magnesium hydroxide in orderrémluce the total filler content,
improving rheological and mechanical propertiegshaut damaging the flame retardant
efficiency. Especially in case of natural magnesitwdroxide as flame retardant filler,
the introduction of other additives is necessary feducing filler amount and
maintaining an acceptable flame retardant levespide the flame retardant efficiency of
Hy is lower than H5, the natural brucite is a wjdelsed (cheaper) alternative to
synthetic MDH in halogen free flame retardant commis for cable, roofing
membranes, pipes and building panels.

Due to the huge variety of HFFR additives have besed in combination with
magnesium hydroxide (paragraph 1.3.1 of Introdugtibhas been decided to direct the
research of the second part of this PhD thesis ethods for parameterization of burning
behaviour, for screening among a series of FR ia@gdiin combination with Hy and then
for rationalizing flame retardant mechanism of acsfic selected combination. In
literature, the most of the studies can be founflamne retardant additives for polymers,
deal with the combination of two or three of thendausually the research methods
follow “trial and error" approach. In this way tlamalysis of all the properties and
influencing factors for a flame retardant system ba a complex and time-consuming
process due to the large number of experimentsiregtjdor obtaining information.
However during the last decades, statistical ampres have been applied even to the
analysis of flame retardant properties in orderptovide efficient framework for
systematically gaining information about the buehéviour of polymer syster{s**
Concerning this research, statistical approach beesn applied especially for the
evaluation of a specific flame retardant system tlhughe necessity of finding fast,
indicative and representative methods required & the scientific and applicative

research.
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3.2.1. Flame retardant characterization of EVA compsite with natural magnesium
hydroxide (Hy)

The flame retardant efficiency of EVA based comsssifilled with the natural
magnesium hydroxide Hy in comparison with the sgtithmagnesium hydroxide H5
has been evaluated with Limiting Oxygen Index (L@ihd cone calorimeter test. The
filler content of the composites is 60 wt% for bditle hydroxides (this is a typical filler
level used in EVA-based cable compounds) and tkesred results are reported in Table
3.2.1.1.

Table 3.2.1.1:Combustion parameters obtained from LOI and Ccaleriineter.

Cone calorimeter
TTI(s) PpkRHR (kJ/s*m?) pkRHR e (S)

Sample LOI (%)

EVA (pure) 20 35 465 160
Hy 60 36 76 172/155 124/555
H5_60 43 84 193 243

As expected, the limiting oxygen index values digantly increase with addition of the
fillers in EVA, due to flame retardant effect of gmesium hydroxide, but also to the less
amount of polymer present in the composites, whegiiesents the combustible material.
The sample containing Hy gave a lower LOI valuenttize H5 composite (36 against
43). Comparison of specimens behaviour points bat Hy composite has higher
tendency to show the “afterglow” phenomenon, whgtbws down or avoids the
complete extinguishing of the combustion even wititbe flame. The higher LOI value
for H5 than Hy composite is reasonable taking iatwount a less percentage of
hydroxide (around 90%wt, the effective endotherri@ne retardant) in the natural
brucite than into synthetic MDH (>99%wt pure); dmat influent aspect could be the
irregular shape of Hy particles, which reduces ¢hbkesion of filler particlesn EVA
matrix during combustion, with reduction of overatimpound fire performanctés

From the cone calorimeter experiments, compargtiots of rate of heat release versus
time are shown in Figure 3.2.1.1, while data reldtetime to ignition (TTI), peak of rate
of heat release (pkRHR) and time for the peak (pRRIg are reported in Table 3.2.1.1.
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Figure 3.2.1.1:Comparison of Rate of Hea;l;e(lsei)ase of EVA matnit the composites Hy_60 and
Both the composites show higher TTl and lower pkRHRNn EVA and they are
characterized by slight differences between themmmFgraph in Figure 3.2.1.1, the main
differences between H5 and Hy compounds can benaasegualitatively in the shape of
the RHR curv€®, which explains the presence of two peaks of RHRhe Hy 60
sample. H5 composite shows one maximum after ntae 200 seconds, indicating a
slow development of the combustion; Hy 60 showsntlhén maximum at the beginning
of fire (around 50 seconds after the ignition)|daled by a progressive decrease and
then by a second peak between 500-600 seconds.s€bhand peak corresponds to
cracking of char formed during the first part ofimdaustion and to the consequent re-
increasing of fire intensity. These differences Idobe related to the formation of a
different char structure during composite combumstidgth different physical stabilify.

Figure 3.2.1.2:Photos of the residues after cone calorimetemfegtfie samples Hy 60 (a) and H5_60 (b).
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As it is depicted in Figure 3.2.1.2 the residueHgfcomposite is characterized by deep
breaking lines, while the surface of H5 60 residseclearly more compact and
homogeneous. It could happen that in Hy_60 the shformed during the first pkRHR,
then it breaks in different points, giving the gbgay for the polymer below to become
available for pyrolysis. The pyrolysed materialdeghe flame taking to an increase in
rate of heat release, which is represented bydbersl peak. In H5_60 the char remains
more stable and coherent during all combustion twithout so evident cracks on the
surface. As reported for LOI analysis, the difféeremorphology of the Hy and H5
particles can be a reason of the differences irchiae structure: the regular shape of H5
particles produces a more uniform and homogenegsters, which promotes the

formation of a char with “regular” and compact sture during combustion.

3.2.2. Screening study on flame retardant additive combination with natural
magnesium hydroxide and their performance

The screening analysis has been carried out orriatywaf flame retardant additives
combined in Hy composite in order to find a metliodevaluating the performance of
different formulations and the influence of the iigds according to a new
parameterization of burning behaviour. The chosititi@es belong to different groups,
each of which corresponds to a different flamerdatat element (boron, phosphorous
and nitrogen). In Table 3.2.2.1 the eight addititlest have been selected for the study

are listed.

Table 3.2.2.1:Additives chosen for flame retardancy screeningyt

Boron-group  fixed Phosphorous-group fixed Nitrogen-group fixed

additives wit% additives wit% Additives wit%
ZB 10 Tpp 25 MC
Zinc borate Triphenyl phosphite ' Melamine cyanurate
CaB 10 RP o5 PPMt 5
Calcium borate Red phosphorus ' PPM Triazine
BA 5
Boric acid
Tbb o5

Tributyl borate

Common characteristic of the additives is that they all halogen free, and industrially
used as ingredients to set up polyolefin compouwaidsnative to PVC based materials.
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According to previous studies and applicative ies&r some constraints have been
established for tailoring formulations:

« fixed amount for each additive in the recipe (répadin Table 3.2.2.1);

 the formulations can be composed from 1 to 3 adsitibelonging to different

classes;

only one additive per class in each formulation;

one additive of Boron group must be always pre&stt cohesion desiré)

Hy + additives = 60% by weight.

The base system used as substrate of this reseatomposed by EVA matrix, a fixed
amount of compatibilizer, which corresponds to #owmbf maleic anhydride grafted
poly(ethylene) (ULDPE-g-MAH), and 2.5 wt% of polyftethylsiloxane) (PDMS) as
base additive (considered in the additives portdrformulations). This because the
incorporation of compatibilizer and silicon is waeead in halogen free flame retardant
compounds in order to guarantee mechanical, rhimalbgnd aesthetical propertté%
This is generally true for highly filled composipeoduction and it becomes a necessity
in case of use of natural magnesium hydroxide HyHe reasons analysed in a previous

work® and in the first part of this research (chapt&).3.

Evaluation of flame retardant efficiency

In industrial applications, vertical burning teate widely used for flammability analysis
as a screening, because they provide efficiencicatidn quite rapidly. This study is
carried out in order to find a fast, but reliablelaignificant method for evaluation of the
influence of flame retardant additives combinatiorcompounds. Great importance is
given to self-extinguish behaviour of the samplel @0 mechanical stability of the
residue during combustion: in case of real fire dibons, dripping of flaming parts

spread fire, by causing increase of victims.

For the screening purpose of this chapter thevioiig vertical burning tests have been

selected:
 Limiting Oxygen Index (LOI), with the applicatiorf the fire source from the top

of the specimen; it can be still considered thetmigsd FR test in the industrial

102



world as indicative for flammability of materials;

» DIN 4102 B2 vertical burning test, with the apptioa of the fire source from the
bottom of the specimen; the quite large size ofsémaple and the presence of the
mask avoid specimen movement during combustioningako a clear

identification of the material stability and burgitendency.

DIN 4102 B2 set up is useful for observing matetbailning characteristics. Some
attempts on other flammability tests, such as ULHe been carried out, but final data
were not as reliable as those of DIN 4102 B2 dubedarge size of the specimen.
In particular for this study, specimens with thieks of about 1-1.2 mm have been used
and specific stages during the test have been ifigehtwhich were related to the
position of the flame during combustion. It has ro@essible to point out three main
steps, which could be reported as parameters (unms) and they have been called
DIN-parameterdor easiness. The thr&dN-parameterscan be clearly identified during
DIN 4102 B2 test, are:

1) Time a (Ty): the flame topeaches the graduation line;

2) Time b (Tp): the_flame basesaches the graduation line;

3) Time c (T,): the flame basesaches the top of the specimen.

In Figure 3.2.2.1 a scheme of théN-parameterds reported.

Figure 3.2.2.1:Schematization of the observable steps of comtnustiiring vertical burning test DIN
4102 B2.

The analysis of th®IN-parameterdeads to a classification of the studied materials

groups that are different for flammability behavialepending on additives combination.
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This classification is useful to rate the fire b@bar of compounds and to analyse the

additives effects.

The proposed classificationDIN-classificatior) is relative to the observations of

materials during vertical test DIN 4102 B2 and taketo account the flammability

behaviour (self-extinguishing or not) and the mateproperties during combustion

(dripping or stable residue). In particular thredfedent behaviours have been

distinguished during the test:

fast and continuous fall of small fluid burning gés, like dropsripping );
slow fall of solid burning parts and/or extinguighgieces of sampldJpstable
residue);

burned part remains on the sample without fallireg@s Stable residug.

From these criterions three main classes comefogire 3.2.2.2), with some additional

sub-classes introduced to describe specific buri@atyres:

1. Class 1. the combustion stops beforg {very early), so the samples have no

DIN-parameter Some specimens are classified Gsss 1la when they stop
burning immediately after the flame is removed, le/laisClass 1b when they self
extinguish after some time the flame is removed(iy case before,)l

Class 2: the combustion reacheg and stops before getting {Eo in this case we
have only T, asDIN-parametey.

Class 3: the combustion involves all the sample length,TgoT, and T are
recorded. Some specimens are classifie@lass 3a when they show a residue,
which remains stable for the most of combustior @lass 3b when they show

dripping or falling parts during all the burningstéime.

A schematic description of the adoptd&iN-classification is reported in the

following Figure 3.2.2.2.
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Figure 3.2.2.2:Classification of the analysed formulations depegn their behaviour during DIN 4102
B2 test.

Experimental results and evaluation of additiveetf

In the Table 3.2.2.2, the formulations and the expental results obtained from LOI
and DIN 4102 B2 are reported, together with indareg of material behaviour and the
DIN-class belonging. The formulations are indicated by tlegjuences of additive
abbreviation. The combinations of additives in thamulations have been randomly
sampled, taking into account the chosen constraihés formulationsbase systenand

matrix+Hy, respectively with and without PDMS, are inclu@edreferences.
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Table 3.2.2.2:Formulations and experimental results obtaineohft®I and test following DIN 4102 B2.
LOI Ta Tb Tc Unstable Stable  DIN-

Formulations (%) ) 9 9 Dripping B T .
matrix + Hy 32 128 205 245 No Yes No 3b
base system 36 113 - - No No Yes 2
ZB Tpp_MC 29 61 132 172 Yes No No 3b
ZB_MC 34 128 - - No No Yes 2
CaB_Tpp_MC 33 41 116 130 Yes No No 3b
ZB_RP_MC 39 - - - No No Yes 1b
CaB_Tpp 29 68 167 336 No Yes No 3a
CaB_MC 33 79 176 283 No Yes No 3a
BA_MC 38 61 - - No Yes No 2
Tbb_Tpp_MC 33 64 122 143 No Yes No 3b
Tbb_RP_MC 39 - - - No No Yes la
Thb_RP 42 - - - No No Yes la
Tbb_MC 33 102 166 210 No Yes No 3b
ZB_Tpp 27 59 135 185 Yes No No 3b
ZB RP 35 - - - No No Yes 1b
CaB_PPMt 35 206 - - No No Yes 2
CaB_RP_PPMt 35 - - - No No Yes 1b
CaB_RP 37 - - - No No Yes 1b
BA _Tpp_PPMt 27 106 159 169 Yes No No 3b
BA_Tpp 29 66 118 127 Yes No No 3b
BA_ PPMt 37 85 - - No No Yes 2

The reference samples are the base system (maB&k5twt% Hy + 2.5 wt% PDMS)
and the composite without PDMS (matrix + 60 wt% Huy)order to evaluate the
flammability benefits that incorporation of PDMSnctake, comparing the formulations
properties. The base system is characterized byowed LOI value in respect to
matrix+Hy (36 compare to 32), that could be reldatedchdustrially well-known effect of
combination between silicon and maleic anhydridaftgd PE into EVA+hydroxide
compounds. The introduction of PDMS takes alsodsitive effect orDIN-parameters
The base system belongs@tass 2 (it does not burn completely) with high stabildf
the residue, while the combustion of the sampleir¥dtly is complete Class 3b), even

if it proceeds slowly (quite high burning times).

About the other formulations it is possible to absd that almost all the various
flammability performances, expressed by LOIN-parametersresidue behaviour and
thus DIN-classbelonging are represented by the studied fornariati All the collected
data have been evaluated by using multivariatetinegression analysis in order to find

valid regression models for the parameters and #stablish which additives of the
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combinations determine significant variation of #realysed parameters. The goodness
of the models is expressed by proportion of expldivariance (determination coefficient
R?), which should be close to 1 in order to verifattit has been possible to model the
system. The evaluation of the relative importantethe additives for the specific
parameters has been possible by determination efréigression coefficients with
Variable Importance in Projection (VIP), which pides also their signs ("+" or-"),
giving information about positive or negative effef the component on the response
(Appendix 11).

The number of cases considered for each parantegmther with the proportion of
explained variance obtained for their models ararttost significant variables (higher

VIP) with their signs are indicated in Table 3.3.for each response.

Table 3.2.2.3:Results from Multivariate Linear Regression altori analysis of the obtained responses.

Response n° cases Explained variance main significant variables
variables (R?)
LOI 21 0.787 RP (+), Tbb (+), Tpp (-)
T, 15 0.736 PPMt (+), BA (), MC (-), Tpp (-)
Ty 10 0.906 Hy (+), Tpp ()
T. 10 0.525 CaB (+), Tpp (-), BA (5)
Dripping 21 0.704 RP (-), Tpp (+)
Residue 21 0.704 RP (+), Tpp (-)
stability?
DIN-class 21 0.955 RP (+), Tpp (-)

! explained variance is in calibration
2 model takes into account the 3 responses togéEmgping, Unstable residue and Stable residue)

Almost all the analysed parameters show accept&adiained variance and in particular
for Ty, DIN-classificationand also LOI,R? values are quite high indicating the good

"quality” of the models.

In Figure 3.2.2.3 the plots relative to LOI statiat results are reported.
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Figure 3.2.2.3:Experimental versus predicted values (a) and regnesoefficient with VIP (b) for LOI

results.

The plot of experimental versus predicted valudsigure 3.2.2.3 (a) is reported only for
LOI data as example and it shows that the modedfiest quite well the assumptions of
the analysis, confirming visually tH&® datum of Table 3.2.2.3. The graph in Figure
3.2.2.3 (b) shows the regression coefficient withrigble Importance on the Projection
(VIP): the components placed in the upper parthefdgraph (VIP > 1) are the relevant
among the variables group; furthermore the compisnplaced on the right part have
positive influence (+) on the response, while thpkeed on the left have negative (-).

About LOI results, the analysis of regression doedhts for the studied system points
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out that they are deeply influenced by the presefdeP and Tpp in the recipes. In fact
they are both placed in the upper part of the gréph Tpp on the left and RP on the
right side: this situation indicates the positivedanegative considerable effect on LOI
value of RP and Tpp respectively. Tbb seems alsmpart some (positive) influence on
LOI values, even if its importance is very lowemygmared to the Phosphorous group
components. Among the less relevant additives (¥1P) it is interesting to point out
also that just ZB shows negative effect on LOLle¢ dosage ZB is a less effective flame
retardant in comparison to magnesium hydroxideVE This result can be considered
in agreement with other works in literattfre

In Table 3.2.2.3 it is possible to evaluate als® d@halysis of th®IN-parameterswith
the main relevant components (significant varigbl€se VIP regression analysis fog T
points out that, among the additives, Tpp showshilgaest negative effect, while BA
and MC have a small negative influence. All theeotbomponents have positive effect
on T, but only PPMt influences it considerably (VIP > RP is not present because all
the formulations containing RP in the studied systtop burning after removing the
flame (Class 1a andClass 1b have not 7).

Tpp, BA, MC and PPMt could have influence both loa lame size and on the burn rate
of the compound. In fact it is important to consitlet T is influenced by both the burn
rate and by the height of the flame. For example same Jresult can be obtained for a
compound, which burns slowly with long flame (leftture in Figure 3.2.2.4), and for
another compound, which burns quickly with litdanhe (right picture in Figure 3.2.2.4).
Both the cases are dangerous during a real fire, they are related to different

behaviours during combustion.

Figure 3.2.2.4:Different flame and burning behaviours of materi the time I
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On the other handyTand T are connected only to the burning rate of the tdatons:
higher are their values, slower is the spreadref ft has been noted by our analysis that
for the formulations ofClass 3, higher times of combustion are generally related
higher stability of the residue. In particular véngh T. values characterize tli@ass 3a
formulations (Table 3.2.2.2), which show a staldsidue for most of the combustion
process, loosing extinguished parts only when taed is close to the top of the
specimen.

About T,, Tpp shows negative effect and the amount of Hy ¢@nsiderable positive
effect (Table 3.2.2.3), while the most effectivenpmnents on Jare CaB as positive
influence and Tpp and BA as negative: in comparisith what is reported for jlthe
results should indicate that these additives hayleehn effect on the burn rate of material
rather than on the flame size. Overall the presefdders (Hy and CaB) makes higher
the burning times and it can influence positivéig thar stability of the formulations,
which remains compact for most of the burning tiese.

The regression coefficients with VIP of Drippingsisown in Figure 3.2.2.5.
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Figure 3.2.2.5:Regression coefficients with VIP for dripping betwaur during vertical burning test DIN
4102 B2.

In the graph Tpp and RP are the most discriminadohdjtives also on Dripping (VIP>1).
In fact Tpp promotes dripping effects and it cosisawith stable char formation, while

RP avoids dripping and, for the burning formulasipih confers stability to the material.
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The analysis on the identifiable class of the fdations has been done taking into
account the maiDIN-classescorresponding to 1, 2 and 3 (without sub-classesyder
to give the most of importance to the self-extisging capacity of the samples. As it
can be observed in Table 3.2.2.3, RP and Tpp aeenathe most considerable
components, showing a VIP higher than 1. In paldicall the formulations containing
RP are labelled a€lass 1 (Table 3.2.2.2), so it can be considered the ristie
component of formulations oflass 1, while Tpp the main component @lass 3
formulations. No relevant difference could be ea#dd among the other additives
influence, confirming that in the studied systera tihosen Phosphorous-group additives
are the most influent on burning properties of il of compounds.

In order to support the validity of classificatiomethod based oBIN-parametersand
observations, an attempt of correlation betweenr¢lsalts obtained from LOI and DIN
4102 B2 tests has been done. In Figure 3.2.2.6othaulations corresponding to the FR
additives combinations and belonging to the diffiefIN-classesare reported versus

their LOI results.

\f\'ﬂtgx“ngu{s??f/’] ¢ Class 1a
. ® Class 1b
Class 2
= - ® Class 3a
Class 3b
7 N0 N - EE
{_ Self-extinguishing )
\___________.,-/ & &
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Lor

Figure 3.2.2.6:Correlation betweebPIN-classificationand LOI values.

The results point out that the formulations withf®e&tinguishing behaviour@lass 1
and Class 2) have the highest LOI values, whi@ass 3 formulations show lower LOI
results (the red line should have only marker megniThis is a quite unexpected result
because usually correlation between LOI and vértraning tests are difficult to
appreciat®. The clear indication of the above data is thatd®@ Tpp are the most
positive and negative relevant additives on both &l DIN 4102 B2 results.
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All these results confirm that it is possible tafpem a screening approach and the new
parameterization method can be applied on themystadied in this thesis (chosen base
formulation and flame retardant additives) in order evaluate the performance of
additives combinations in Hy composites and sefleetn on the base of the desired
material properties. The method points out usefdications about samples combustion
behaviour and additives effect, such as their ikdaimportance in the influence on a
specific parameter. Beyond the high efficiency @dl phosphorus against the negative
effects of triphenyl phosphite, which tend to hidié the information on the other
additives in the studied system, general good tesuwé indicated for the use of calcium
borate among the boron additives, especially caomugrslower burn rate and stability of
the residue. In particular the approach showed gapdcity to evaluate and to classify
the residue stability and self-extinguishing bebaviof different formulations. On the
whole the method has pointed out promising redalt@pplication on further system of

different matrix and /or flame retardant additives.

3.2.3. Study on a quaternary system based on naturenagnesium hydroxide filled
EVA composite

The additives, chosen for improving flame retardpnbperties of EVA composite
decreasing magnesium hydroxide amount, are a poig{dylsiloxane) gum (PDMS)
with silica as carrier and a natural mineral fik@mposed mostly by micronized calcium
hydrate borate. These co-additives have been edldor their applicative interest:
PDMS component is already used in similar compouasgecially for improving
rheological and mechanical properties. Calcium teores been chosen because of the
practical interest in using boron containing adait{alone or in combination with silicon
additives) and for its natural origin; furthermdyecause it has shown interesting effect
on residue stability and in reducing burn ratehi@ $creening study (paragraph 3.2.1) and
finally the existence of just a few literature werlin its use makes interesting the study
of its incorporation in highly Hy filled EVA compow for evaluating the possible
application for cable and wire materidlsThis study, based on natural magnesium
hydroxide filled EVA composite, would like to op@mospects of calcium borate use as

flame retardant co-additive and to study its betsavin such polyolefin systems.
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The approach to this study has been carried outsbnyg Design of Experiment (DoE),
followed by analysis of the coefficients. The mettadows the analysis of a wide variety
of different parameters and the translation of tham responses into predictive
mathematical models within the operating rangeootiollable variable$% The analysis
of the coefficients in the models is of great piadtimportance to understand the effects
of different additives and the possible interacti@mong theff* in order to be able to

forecast composite properties based on the acgkimedledge.

3.2.3.1. Experimental design approach: constraint§prmulations and parameters

The chosen quaternary system is studied by Mixbesigrt*’*° (specifically D-optimal
mixture design), where the components are the alatnagnesium hydroxide (Hy), the
poly(dimethylsiloxane) based additive (Sil) andcaain borate (CaB); the matrix is
mostly composed by EVA and it is also consideredréable. Matrix amount can change
because it is established that the sum of the igddimust be less than or equal to 60
wt% for evaluating the possible decrease of adebtitotal content. A fixed amount of
compatibilizer (ULDPE-g-MAH) has been introducedtime matrix composition, which
is kept constant at 4 wt% in order to analyse desysas close as possible to the
interesting industrial application, without intradig other variables. The components
are expressed as the fraction of total amount @f #xperimental ranges and they sum
up to one. Constraints on the component proportayasselected in order to focus the
exploration of the entire simplex region of compiosis only on the region of interest:
concerning this study constraints have been seleéstaccordance with prior knowledge
on industrially used FR compounds. Components amtbtraints of the quaternary
system are listed in Table 3.2.3.1.1.

Table 3.2.3.1.1Constraints for controllable input variables cop@sding to the additives

Variable Lt_)wer Iimi_t U_pper Iimi_t
(weight fraction) (weight fraction)

X1 Hy 0.3 0.6

X, : Sil 0 0.1

X3 : CaB 0 0.2

X4 : matrix 0.4 0.7
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According to these assumptions, the statisticajjqanm has set up 18 run design, that are
reported in the Table 3.2.3.1.2. Among the indidat8 formulations, 15 are relative to
different compositions and 3 repetitions (see fdatons 3, 10 and 14, which are the
repetitions of 2, 4 and 6 respectively) have beeomly selected.

Table 3.2.3.1.2D-optimal mixture design formulations.

Component Formulation n°

1 2 3 4 5 6 7 8 9
X1t Hy 0.300 0.300 0.300 0.600 0.300 0.300 0.450 0.493 0.500
Xz : Sil 0 0 0 0 0.100 0.100 0 0.021 0.100
X3: Cab 0.100 0 0 0 0 0.200 0 0.043 0

X4 : matrix 0.600 0.700 0.700 0.400 0.600 0.400 0.550 0.443 0.400

10 11 12 13 14 15 16 17 18

X1t Hy 0.600 0.400 0.400 0.343 0.300 0.343 0.400 0.450 0.300
X : Sil 0 0.100 0 0.046 0.100 0.071 0 0.050 0.050
X3: Cab 0 0 0.100 0.043 0.200 0.093 0.200 0.100 0.200

X4 : matrix 0.400 0.500 0.500 0.568 0.400 0.493 0.400 0.400 0.450

The experimental responses selected as dependeablea are taken from different
flame retardant tests, in order to have an overwéwihe different aspects of flame
retardant behaviour for the samples and to discqaential correlations among
parameters coming from different measurements.chbsen tests are:

* Limiting Oxygen Index (LOI);

» vertical burning tests UL94-V and DIN 4102 B2;

» Cone Calorimeter
Both the American UL94-V and German DIN 4102 B24dwve been chosen as vertical
burning tests for a comparison of the informatibayt can point out. DIN 4102 B2 has
been selected for the evaluation of the residuailgya(Dripping, Unstable residue and
Stable residue) and the burning tigéhe top of the flame reaches the graduation line),
while UL94-V for the measurement of average burmatg.
Concerning cone calorimeter it has been establigbedarry out the analysis and
evaluation of most of the parameters provided l®/ uked instrument, together with
other calculated parameters. The collected datéhareme to ignition (TTI), the peak of
rate of heat release (pkRHR), the time at whichethe the peak of rate of heat release

(PkRHRime) Whose determination is reported in Figure 3.213ftr some formulations.
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The average rate of heat release in the first £806rwls after ignition (avRHR) and the

total heat release (THR) have been determinedatbeage effective heat of combustion

(avEHC) the peak of smoke temperature (Tsmoke)thadime at which there is the

peak of smoke temperature (Tsmgke have been selected from their plots respectively.

For avEHC it has been chosen approximately theageem the first 300 seconds as

shown in Figure 3.2.3.1.1. The indices of flammapiperformance, such as the fire

performance index

(FPI=TTI/pkRHR)

and the fire gtow rate

(FIGRA=pkRHR/pkRHR¢) are calculated by using experimental data.
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Figure 3.2.3.1.1:1ndication of some of the cone calorimeter paransatbosen in the RHR, EHC and
Tsmoke plots for the analysis of quaternary sygfemsome significant formulations as examples).

In Table 3.2.3.1.3 the analysed parameters for &axhof test are reported, with their

optimization targets and their relative importafweight factors) expressed by a scale of

"+" symbols ranging from 1 to 3.
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Table 3.2.3.1.3Experimental parameters with their target of optation and relative importance.

Flame retardancy test Parameter Importance Target
LOI % O, ++ max
DIN 4102 B2 ta (S) ++ max

Dripping +++ min(No)*
Unstable residue +44 miiNo)*
Stable residue +++ maXes)
UL94-V burn rate (cm/min) + min
Cone Calorimeter TTI(s) +++ max
pkRHR (kJ/s*r) +++ min
PKRHRime (S) + max
avEHC (kJ/g) + min
Tsmoke (°C) + min
TsSMOKgne (S) max
FPI (nf*s/kW) ++ max
FIGRA (KW/nt*s) ++ min
avRHR g0 (kJ/s*nf) ++ min
THR (MJ/nf) + min

These parameters indicate physically the presenttee@bsence of the specific property.

Experimental data collected from the flame retatrasa@asurements carried out on the 18

formulations revealed by the program, are reportedTable 3.2.3.1.4 and Table
3.2.3.1.5.
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Table 3.2.3.1.4Flammability test results as responses of the mextiesign formulations.

Response Formulation n°
1 2 3 4 5 6 7 8 9
LOI (%) 24 20 20 31 31 35 24 30 40
ta (s) 40 38 37 - 46 - 62 - -
Dripping Yes  Yes Yes No Yes No Yes No No
Unstable residue No No No No No No No No No
Stable residue No No No Yes No Yes No Yes Yes
burn rate (cm/min) 6.10 6.41 6.41 0.32 7.07 3.49 6.20 3.26 2.88
10 11 12 13 14 15 16 17 18
LOI (%) 30 34 25 29 35 31 27 36 30
ta () - - 66 61 - 64 - - 104
Dripping No No No No No No No No No
Unstable residue No No Yes Yes No Yes No No Yes
Stable residue Yes Yes No No Yes No Yes Yes No
burnrate (cm/min) 0.31 4.24 5.07 6.41 3.79 5.36 0.52 3.36 4.60

Table 3.2.3.1.5Cone calorimeter test results as responses of itktena design formulations.

Response Formulation n°

1 2 3 4 5 6 7 8 9
TTI (s) 54 48 50 82 50 64 66 64 68
pkRHR (kJ/s*nf) 283 378 404 160 245 150 234 170 138
PKkRHRjme (S) 95 135 135 140 100 85 140 110 110
avEHC (kJ/g) 30 31 30 25 31 32 31 28 26
avRHR g (kJ/s*nT) 260 340 321 146 237 114 211 139 114
THR (MJ/nf) 84 89 89 69 82 70 81 75 71
Tsmoke (°C) 137 173 166 115 120 90 121 100 93
Tsmokenme (S) 210 210 215 190 220 150 230 165 155
FPI (nf*s/kW) 0.19 0.13 0.12 0.51 0.20 0.43 0.28 0.38 0.49
FIGRA (KW/nt*s) 298 2380 2.99 1.14 2.45 1.76 1.67 1.55 1.25

10 11 12 13 14 15 16 17 18
TTI (s) 76 56 64 56 58 65 72 67 59
pkRHR (kJ/s*) 168 213 208 263 159 180 140 151 173
PKRHRime (S) 120 95 120 105 85 110 105 100 85
avEHC (kJ/g) 25 28 28 30 31 32 27 28 29
avRHR g (kJ/s*nf) 139 169 176 226 125 139 114 116 133
THR (MJ/nf) 73 80 80 82 72 85 77 75 73
Tsmoke (°C) 100 106 114 125 94 96 90 90 94
Tsmokegnme (S) 180 145 220 220 145 250 175 165 140
FPI (nf*s/kW) 0.45 0.26 0.31 0.21 0.36 0.36 0.51 0.44 0.34
FIGRA (KW/nt*s) 140 224 1.73 2.50 1.87 1.64 1.33 151 2.04
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Before studying the Mixture Design, an attemptiotling any correlation between the
parameters has been done by means of Principal @wnpAnalysis (PCA). Evaluation
has been provided about LOI, cone calorimeter datd UL94 burn rate (using
autoscaling as preprocessing). The PCA plot of gaemeters is reported in Figure
3.2.3.1.2,
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Figure 3.2.3.1.2:PCA plot of the parameters.

It should be noted that approximately most of tbaeccalorimeter parameters can be
found in the same area of the graph, while UL94 afd lay in different regions
indicating the absence of correlations among thepRmeters. This result points out
that there are no strong correlations among thentmmflame retardant tests, indicating
the completely different nature of them. This isagreement with what has been widely
reported on literature about the three flame retairaneasurements: limiting oxygen
index, vertical burning test UL94 and cone caloteneare influenced by different
material effects (dripping, flame spread, fire gtlowetc) and they provide results that
correspond to different flame retardant charadies's 8> **9

In the graph it is possible to spot only very weakrelations between LOI, TTI and FPI
and between UL94 burn rate and FIGRA. The coraabetween LOI and FPI (or TTI)
is not easy to explain, even if both are in relatiwith the rate of decomposition to
flammable small molecules and it is in agreemerth wecent results reported for other

system&*. Furthermore the correlation between FIGRA and 4lirn rate can be
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related to the same nature of the parameters, wéiiehboth strongly linked to the
capacity of the flame of spreading through the nigite

Multivariate linear regression models have beerelbped for each response variable.
Models have been studied by means of backward rlimegression selecting and
including in each model only statistical signifitazoefficients. First order terms are
always present, while the upper order terms (iotemas) depend on model efficiency
and performance. Some response variables, suchPhsdRpping, unstable residue,
stable residue and, thave been transformed in different mathematicgressions
because they were without normal distribution cfidees with zero mean (necessary
characteristics for elaborating a linear regressiwdel). It could be possible that the
optimization targets for these transformed varigblehange in respect to the
mathematical expression. Models validation has lweened out by applying the leave
one out cross-validation. Some further details dafinitions about statistical method
and parameters are reported in Appendix Il. The barmn of terms (first order and
interaction) for each parameter model are repariefable 3.2.3.1.6, together with the
model performance parameters’ (R*-adjusted, Rprediction and Adequate Precision)
in order to evaluate the goodness of the modelfitting the data and in prediction

(Appendix 11).

Table 3.2.3.1.6Number of coefficients and performance parametetiseomultivariate linear
regression models.

Model ne  Performance parameter

coeff g2 R?-adjusted R?-prediction Adeq Precision
LOI 8 0.983 0.971 0.949 31.37
uUuL94-v 10 0.957 0.909 0.427 12.81
TTI 4 0.900 0.878 0.847 18.63
pkRHR 4 0.944 0.932 0.899 23.96
pkRHRtime 4 0.769 0.719 0.623 11.04
avECH 6 0.879 0.828 0.734 12.04
Tsmoke 7 0.972 0.957 0.922 25.17
Tsmoketime 4 0.668 0.592 0.439 8.86
In(FPI) 4 0.963 0.955 0.939 30.00
FIGRA 12 0.989 0.968 0.831 19.95
avRHR 4 0.963 0.955 0.941 30.58
THR 4 0.837 0.802 0.744 13.35
(t.) 4 0.939 0.903 0.825 11.59
1.0/Sqrt(Dripping + 0.01) 4 0.701 0.637 - -
1.0/(Unst res + 0.01) 11 0.923 0.812 - -
Ln(Stab res + 0.01) 14 0.993 0.971 - -
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It is possible to observe that most of the obtamediels are linear, showing 4 as number
of coefficients: this result points out that for mpaof the flame retardant parameters
considered, interactions have not significant effec

Concerning the models performance, many dependerdbles have shown very good
models with R and R-adjusted upper than 0.9 and Adequate Precisiaresahore than
20 (its desired value is 4 or mor®) R*-prediction values indicate also good capacity of
the models to predict the experimental parameteen @ points of the experimental
range, where no test has been done. In particatddif94 burn rate it is obtained good
coherence of the model with the results rationabra(high R and R-adjusted), but it is
not so reliable in prediction {Fprediction < 0.5). Among the very "high-performatc
models there are LOI, pkRHR, Tsmoke, FPI, FIGRA anBHR. However almost all
the obtained models could be considered acceptébhig/ those related to the time
parameters coming from cone calorimeter measurem@kiRHRme and TSmMokgne)
have shown lower quality and this result shouldidatk that the evaluation of their
models coefficients is not so significant. Ovetakk general result on the performance
analysis is really positive regard to the chosestesy complexity and the high number of

response variables.

3.2.3.2. Evaluation of components influence on flaenretardant behaviour of the
system

The analysis of the most interesting parametersban carried out and the main results
are reported: this is useful for evaluating thesigant effects (main effects and possible
interactions among the components) and their adrogels with composite properties.
Therefore it is of great importance to point ow# fhenomenological aspects indicated
by the model coefficients for the different respesisthe determination of these effects,
which can support the model analysis, takes tgthetical validation of the method.

In this kind of design, where the interested regisndefined by upper and lower
constraints, a simplification of the analysis woulld reached by the introduction of
pseudo-components. However model plots reported @ediction of the data are

obtained by using actual components.
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Evaluation of Limiting Oxygen Index parameter

The evaluation of LOI data takes to a mathematicatlel that shows some quadratic
factors, as it can be observed for the trends af h@del versus Sil additive fraction at
different CaB amounts (fixing 40 wt% of matrix a6 wt% of total additives amount),

which are reported in Figure 3.2.3.2.1.
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Figure 3.2.3.2.1:.LOI model plots versus Sil additive weight fractiahdifferent amounts of CaB additive
(0, 10 and 20 wt%) fixing 40 wt% of matrix and 6@4vof total additives amount.

The coefficients from the regression equation foi kesponse are as follows:
terms Xl X2 X3 X4 X1X2 X1X4 X2X3 X2X4

LOI +30.5 4234 4262 +20.6 +535  -7.6  +43.1 +40.7
coefficients

Among the linear coefficients related to the vaeabHy (%) shows the highest positive
effect, but looking at the second order terms we mate just one negative coefficient
relative to Hy-EVA matrix interaction (X,). Although it is very low as absolute value,
it is indicative of the negative afterglow effect bOIl of composites with aluminium and
magnesium hydroxide. Afterglow avoids the complEienbustion extinguishing even if
there is no flame on the sample, reducing LOI petémcé’.
According to the graph in Figure 3.2.3.2.1 for fotations with 40 wt% of matrix,
between the additives, Sil {Xis influent on limiting oxygen index increase, ilghCaB
takes to the reduction of LOI. Despite the lineaefticients of the components are
almost similar (respectively 23.4 and 26.2), appears in the second quadratic terms
with all the other components and with "+" sign.eTimteraction coefficients of the
regression equation for Sil additive can be rardetbllows:

X1X2 (Hy x Sil) > XX 3 (CaBx Sil) > XoX4 (matrix x Sil)
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It may be deduced that PDMS shows a strong tendehagteracting with the other
additives concerning LOI results, especially witagnesium hydroxide. For this reason
increasing the Sil additive concentration in thenpound LOI increases and it could be
considered the most influent additive for this meament.

Experimentally the influence of PDMS, indicating the interaction coefficient of the
model, can be observed during measurement and drrdstlues with a solid phase

effect shown in Figure 3.2.3.2.2.

Figure 3.2.3.2.2.LOI residues of the sample (a) EVA/Hy and (b) EVA/EDSIl.

It should be noted that in the EVA/Hy specimen (@096 of Hy) the edges are burnt
because of the afterglow effect, while in the EVAHSIl specimen (50 wt% of Hy and
10 wit% PDMS) the char is just on the top, withopteading down the edges. During
combustion poly(dimethylsiloxane) degradation takes lower molecular weight
products, which are able to migrate on the sampitace: part of them is released as
volatile products and part is blocked on the s@fimeming silicd?* *#* **3|n the case of
LOI measurement the sample shape and size (snrédicsuavailable for combustion),
together with the starting point for vertical comsban from the top of the specimen,
make the structure formed in solid phase by siltth the presence of fillers (Hy and
CaB) strong and coherent enough to stop both @meefland the afterglow. The effect can
be observed during LOI test on a sample contaiRIDYIS additive as a strong flame on
the top of specimen, that does not spread alongetlye because of a charred strip
formation (see Figure 3.2.3.2.2), leading to setfrguishing even at high oxygen

percentage.
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Evaluation of Cone Calorimeter parameters

Statistical analysis of cone calorimeter resultgisoout that all the components have
significant influence as main effect on most of thesen parameters. In fact most of the
cone calorimeter parameters are described by legaations (4 coefficients as reported
in Table 3.2.3.1.6), where no statistically sigrafit interactions appear.

According to literature, time to ignition (TTI) ammkak of rate of heat release (pkRHR)
are the main parameters usually reported for etialuaf flame retardant properties
concerning cone calorimeter measurements. In th é&Cthe studied system it has been
pointed out that these two parameters are not labece while approximately all the
other parameters are in correlation with pkRHR.itSis possible to detect two main
groups of cone calorimeter parameters, which cpomed respectively to the ignition
(including TTI) and the heat released during cortibags involving pkRHR and the
correlated parameters (avRHR, THR,Tsmoke, etc).

In Figure 3.2.3.2.3 the plots of TTI versus Sil iigd fraction for compositions with a
fixed amount of matrix (0.4), at different CaB amtaiare reported.

85
80
75
70

65

TTI (s)

60

55 ——EVA/Hy
EVA/Hy/CaB10
~=-EVA/Hy/CaB20

50

45
0 0,02 0,04 0,06 0,08 0,1
Sil additive (X,)

Figure 3.2.3.2.3:.TTI model plots versus Sil additive weight fractiandifferent amounts of CaB additive
(0, 10 and 20 wt%) fixing 40 wt% of matrix and 6@4vof total additives amount.

The coefficients from the regression equation ala@ifor time to ignition are as follows:
terms X1 X2 X3 X4

I
coefficients T/75 489  +66.8 +49.4

The highest factors, indicating positive effecte ahose related to the fillers and

especially magnesium hydroxide. The flame retard@emibn of magnesium hydroxide
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can explain this high influence on the time necgska ignition, due to the endothermic
reaction of dehydration but mainly for the dilutiohthe pyrolysis gases with release of
steam and char formation on the surfacéhe effect could be supported by the presence
of calcium borate as it should be indicated bygbeond linear coefficient value (66.8):
calcium borate can contribute to time to ignitioaorease due to a combination of effects
like thermal stability, gases dilution actiar formatiof® *** The coefficients of EVA
matrix and PDMS additive are lower and this is ustddable because they are the
polymeric components and during exposure at coraehdheir thermal degradation
process leads to evolution of pyrolysis gases.

Even the peak of rate of heat release mixture mmdéhear and the coefficients are

reported below:

terms X]_ X2 X3 X4

PkRHR +152.7 +99.9 +151.6 +364.6
coefficients

The analysis of the coefficients points out thatAEvatrix coefficient is the highest as it
would be expected, because the polymer represbetdmbustible material in the
system leading to the release of heat during cotidsusl hus the general negative effect
of polymer matrix on flame retardant propertiescoimposite, about ignitability and
combustion capacity, is underlined by both the nodeTTI and pkRHR.
Almost the same trends can be found for the avawgeof heat release during 3 minutes
after ignition (avRHR) and the total heat releaBdR). The mixture model coefficients
for avRHR and THR are as follows:

terms X3 X, X3 X4

avRHR +129.7 +754 +1153 +319.8
coefficients
THR +72.7  +70.6  +74.4  +89.7
coefficients

For all these models, among the flame retardanitiaes, Sil (%) shows the lowest

coefficients, pointing out the weakest contributmfnsilicon additive in the heat release
rate increase: both magnesium hydroxide and caldonate show higher coefficient
than Sil additive on heat release analysis.

The temperature of the smoke (Tsmoke) correspomdiet temperature of the flux of
gases, which come out from the burning materialstiyaair, steam water, smoke and
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other gases depending on sample composition). Ktristly correlated to the heat
released during cone calorimeter test as confiroyellCA plot in Figure 3.2.3.1.2. In the

case of Tsmoke the mixture model contains intevadierms and the coefficients are as

follows:
terms Xl X2 X3 X4 X1X2 X1X4 X2X4
Tsmoke 11069 +116.9 +77.5 +168.9 759 -575 -136.7
coefficients

Among the main components and interactions, CaBSnaldditives are indicated as the
most effective on reducing Tsmoke. In Figure 328the plots obtained by the model

for Tsmoke at different percentage of the companare reported.
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Figure 3.2.3.2.4Tsmoke model plots versus Sil additive weight fi@atat different amounts of CaB
additive (0-10-20 wt%) and with EVA matrix fixed 40 wt% (a) and at 50 wt% (b).

The plots of the model versus Sil additive weiglaiction reported in Figure 3.2.3.2.4,
indicate that CaB is more effective at lower EVAtmaamount (40 wt%), while Sil
effect on Tsmoke is quite similar at different mapercentage. The main evidence from
the reported plots is that both Sil and CaB calu@nfce more Tsmoke when they are not
used as coadditives: if they are combined togethtére composite with EVA matrix and
Hy, their relative influence is strongly decreasedr example in Figure (a) the model
indicates that it is possible to have a decreag®UE for Tsmoke by incorporation of 20
wt% of CaB (in place of Hy), while the decreasgust around 5°C when 10 wt% of Sil
is incorporated. Taking into account this modeligation, CaB and Sil additives can be
considered like competitors in decreasing Tsmokey impart almost the same effect,
but their effective coefficients in the model (mé&wn CaB and interaction for Sil), should
indicate different mechanisms, which should invoileo Hy and matrix in case of Sil
additive.
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One of the main effects due to the use of flamardeint additives acting in solid phase
and that can take to the reduction of rate of lmekdase (and also Tsmoke), is the
formation of a protective barrier on the samplearmyicombustion. Both Sil and CaB are
effective as flame retardants in solid phase legathrthe formation of different structures
on surface sample as it is possible to see in Ei§u2.3.2.5: CaB takes to the formation
of a glassy, but porous surface on the residuen(bile the presence of Sil additive can

be recognized by the presence of the brittle ptvietayer on the sample (a).

Figure 3.2.3.2.5:Cone calorimeter residues of a) formulation 9 (Mithwt% of Sil) and b) formulation 16
(with 20 wt% of CaB)
According to previous works, silicon compounds efffen flame retardant properties
have been evaluated even in combination with MDHEYfA composites: it was found
that the replacement of a magnesium hydroxide pe&age with silicon rubber could
improve cone calorimeter performance, especiallydoreasing the rate of heat rel&ase
155 Fu et af® reported that partial substitution of magnesiundrbyide with fumed
silica in EVA takes to the drastic reduction of pkR and avRHR: in the presence of
other flame retardants, like magnesium hydroxiderates etc, silica can form a
silicaceous layer that acts as heat and mass érabafriet*°. In the studied system Sil
additive, that is a silicone deposited on silicaasier, shows positive influence on rate
of heat released, which generally decreases bgasarg Sil amount, and it has negative
influence on TTI, leading to earlier ignition.
In Figure 3.2.3.2.6 the TGA curves of the formuaticontaining 60 wt% of Hy (form
10), the formulation with substitution of 10 wt% éfy with Sil (form 9) and the
formulation with substitution of 20 wt% with CaBoffn 16) are reported.
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Figure 3.2.3.2.6:TGA curves of formulations 9, 10 and 16 in air fl¢10°C/min).

Thermal degradation in air of formulation 9 staastslower temperature than that of
formulation 10 and 16, pointing out the lower thatmstability of compound with PDMS

in comparison with the other formulations. The ieartlegradation of formulation with

PDMS can be related to the low coefficient in TTdael: the rapid pyrolysis forms gases
and accelerates the ignition in cone calorimetertti@ contrary the positive influence of
Sil additive on RHR reduction can be related to sloéd phase effect coming from

PDMS degradation. During combustion, Sil additigkets to the formation of the brittle
and light protective barrier on the surface of specimen (Figure 3.2.3.2.5). The main
constituent of the surface layer should be silidae to the silica contained by the
additive and due to PDMS oxidative degradation potst it appears on the top of the
structure, which is composed by the degradationlymts of filler. The presence of this
silicaceous surface should decrease the burnirdetey of the material, reducing the
rate of heat release in the studied system more rtiegnesium hydroxide and calcium
borate, as indicated by the model coefficients.

Most of the analysed cone calorimeter parameteesdascribed by linear mixture

models, with the exception of Tsmoke. Specific#itlg interactions indicated by Tsmoke
model involve mostly Sil additive with matrix and/Hout no interaction is indicated for

CaB, pointing out that no particular synergisticl&am antagonistic effect can be found in
the studied system and in the chosen range of csitigro In literature the synergistic

effects of borates as co-additives of aluminium arajnesium hydroxide in polyolefin
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matrix have been widely reported even in combimatiwith silicon containing
compound&’, but most of the researches are on zinc bdratés ***and almost nothing
on calcium borate. The main successful commergali@tion of calcium borate as
flame retardant is for rubber modified roofing mearte production. In other markets, it
is usually incorporated into ceramic glass fritsin epoxy compositiorts® ***but not so
much has been reported about its use in thermaplpstymers in combination with
hydroxides: this study would be a deeper reseabdutathe calcium borate additive
flame retardant effects in thermoplastic EVA comi@and in combination with PDMS
as co-additive.

TTI, pkRHR, avRHR and Tsmoke results confirm tte talcium borate flame retardant
effect is quite similar to that of magnesium hyddaxconcerning the rate of heat release,
while it is slightly lower for the ignition timenlparticular the analysis of the coefficients
indicates that CaB has more positive influenceate of heat release that Hy, taking to a
slighter reduction of the peak, more evident in derage RHR due to the coefficients
difference (Figure 3.2.3.2.7).
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Figure 3.2.3.2.7;pkRHR and avRHR model plots versus Sil additiveghefraction at different amounts
of CaB additive (0 and 20 wt%) fixing 40 wt% of matand 60 wt% of total additives amount.

In Figure 3.2.3.2.8 the rate of heat release cafvamposite containing 60 wt% of CaB

compare to that with 60 wt% of Hy are reported éot#d by mass calorimeter).
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Figure 3.2.3.2.8:Mass calorimeter RHR results of composites (mdyA+ compatibilizer) with natural
magnesium hydroxide and the used calcium boratiieel@oth 60 wt%).

The comparison between RHR curves indicates that itfiormation obtained by
statistical analysis of TTI and pkRHR models areagneement with the reported fillers
effects: the composites have similar combustionabiglir (almost the same pkRHR),
even if Hy composite has higher ignition time ahdhows a second peak due to the
different residue stability of the samples. Theesloe of the second peak in CaB sample
is an indication of calcium borate tendency to f@mmore cohesive and compact residue
in EVA than the natural magnesium hydroxide.

Calcium borate can act as flame retardant mosttytduthe dehydration reaction in the
temperature range of 250-500°C and the formatioglagsy matters, which can insulate
oxygen, inflammable gas and heat trariSfeHowever the total flame retardant effect is
lower than magnesium hydroxide also because oflawer amount of water released
(Figure 3.2.3.2.9).
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Figure 3.2.3.2.9:TGA curves of natural magnesium hydroxide and tieigm borate additive (nitrogen,
10°C/min).

So calcium borate can positively influence the titoeignition, because it increases
thermal stability of compounds (Figure 3.2.3.2.8)l & improves the smoke temperature
and the stability of residues. However its flamemant effect depends by its own
properties without any relevant interaction eff@tth the other components as indicated
by statistical analysis on cone calorimeter respsns
Among the all cone calorimeter parameters consiblerehis study there are also some
indices, often used especially from applicative npodf view, because they could
summarize the flammability performance. These esliare related to full-scale fire
situation and they can give an indication of tmeetiavailable for people to escape. FPI
represents a kind of compromise between the maia calorimeter parameters (TTI and
pkRHR) while FIGRA could be related to the flameeguling rate at the beginning of
the fire"®°,
The coefficients from the regression equation ofl Eébtained by mathematical
modification) have the following values:

terms X3 X, X3 X4

In(FP1) 069 -095 -082 -2.04
coefficients

The analysis of the coefficients for this expressialicates that all the components have
negative effect on FPI, but the EVA matrix shows thighest coefficient as absolute
value. This is in agreement with what has been rtegdoin the previous part of the

statistical analysis for TTI and pkRHR. In fact yokr has double negative effect on
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FPI: on time to ignition due to the thermal degtamaand on the peak of rate of heat
release because of its high burning disposition.

FIGRA is described by one of the most complex maddhose obtained in this study.
The coefficients of the regression equation ar®lksns:

terms X1 X5 X3 X4 X1X5 X1X3
+1.27 -9.99 +2.40 +2.90 +16.77 -3.22

FIGRA

coefficients XXy XoX3 XoX4 X3X4 X1 XoX4 XoX3X4
-1.70 +15.92 +17.35 +1.04 +16.02 -38.24

A so complicated regression equation points out #iathe components affect the
FIGRA parameter both the single and the interactamtors. In this case also cubic
interactions appear among EVA matrix, Sil additared the fillers separately. It is not
easy to explain the coefficients of the FIGRA esgren and it is not useful for a
complete comprehension of the system, because ith@ve too many aspects of

horizontal burning behaviour of the chosen system.

Vertical burning test evaluation

Two attempts of vertical burning tests have beenezhout on the studied system: UL94
considers smaller samples, just hung at the toplewh DIN 4102 B2 samples are
considerably larger and they are kept by a masg&idawg specimen movement during
flame application and burning process.

For DIN 4102 B2 the burning timg is the only numerical parameter could be analysed
and it is obtained for the non self-extinguishingnulations: higher is,ivalue (with the
limit of self-extinguishing), slower is the burnimgte and/or lower the height of flame.

The regression model foyis reported below:

terms X1 X, X3 X4

2.7
(L)~ 2.97E-5  -2.78E-5  + 4.60E-6 + 5.78E-5
coefficients

EVA matrix coefficient (%) is the highest and it indicates a negative infageon §
value. The matrix is the most burning component idrmduses the decrease of time of
combustion. Not all the formulations would hayea$ a result because they could stop
burning before the top of the flame can reach tlaker and this self-extinguishing
behaviour represents even a better result thaghavalue of £ A more clear evaluation

of the flame retardant effect for the additiveslddae extracted by the determination of
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the maximum matrix percentage is required in ortier have self-extinguishing
behaviour. Thejtresults, determined by the model for three comessvith different
compositions, are reported in Figure 3.2.3.2.1fuastion of the matrix percentage. The
chosen compositions are EVA with 60 wt% of Hy ahd tomposites with replacement
of 5 wt% of Hy with Sil and CaB additive.
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Figure 3.2.3.2.10Predicted fvalues versus matrix amount for the compositeaining only Hy and the
composites with 5% of Sil additive and CaB in conaltion with Hy.
It is possible to note that the composites with &lgne and in combination with Sil
additive could take to self-extinguishing behaviomtil 51% of matrix (that is the last
value it is possible to calculatg),t while the combination with CaB requires lower
amount of matrix (< 50%) for obtaining the samaulie€ven if the difference is not so
high, the result points out the higher burning Ty of the material with CaB than the
other composites (as indicated by the coefficieantd underlines the lower flame
retardant effect for vertical burning test comptyethe other additives in the studied
system.
The further information we obtained from the setafpDIN4102 B2 deals with the
stability of the sample during combustion, becatlmsemethod allows us to distinguish
clearly if a formulation could have a stable residavoiding dripping and flammable
parts loosing. Three possible choices have beeatiget Dripping, Unstable residuand
Stable residug with the condition that one excludes the othéis.the DIN-response
variables have been mathematically transformedsiderning the response Yes as the

maximum value (1) and No as the minimum (0) ascaigid in the Table 3.2.3.1.3: the
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obtained models are almost good and quite complablé 3.2.3.1.6). A detailed
evaluation of model coefficients has not been dameeause it is not useful for a real
comprehension of the system: their models have begerloped in order to tailor the
residue behaviour in such system.

In the application of vertical UL94 test, the chogmmrameter is the calculated average
burn rate that is based on the time necessaryet@dample to burn completely. Among
the studied formulations4, 10 (that is a repetition) and6 show self-extinguishing
behaviour with burning time close to 10 secondsistithey have been ranked by
considering the burned length. The formulationstaion60 wt% of filler and an overall
ranking of burn rate on the 18 formulations poimtgt the general tendency of
composites with higher filler content to show loviern rates. This result highlights the
strong effect of the fillers (mostly Hy) on flammitty performance and burning material

stability. The coefficients from regression modsl YL94 burn rate are as follows:

terms Xl X2 X3 X4 X1X2
+0.5 -5.5 -0.6 +6.5 +17.6

UL94-burn rate

coefficients X1X3 X1X4 X2X3 X2X4 X3X4
+4.9 +8.7 +26.5 +17.0 +8.9

The trends of UL94 burn rate model as a functio@aB weight fraction at different Sil
content are reported in Figure 3.2.3.2.11 (fixifgwkt% of matrix and 60 wt% of total
additives amount).
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Figure 3.2.3.2.11UL94 burn rate model plots versus CaB additive Weftpaction at different amounts of
Sil additive (0, 5 and 10 wt%) fixing 40 wt% of matand 60 wt% of total additives amount.
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Many interaction coefficients appear in the modal all of them indicate the effect of
increasing burning rate. Sil additive shows negaiinfluence on burn rate as single
component, but it is involved in the interactiomnte with the highest values of the
coefficients and, observing the plots in Figure 3211, totally its effect in the reported
formulations is the increase of burn rate in UL94e¥t. From the graph, also CaB takes
to the increase of burn rate, but it is much lotlkan Sil. Furthermore the use of Sil and
CaB as co-additives takes to higher increase af ate, rather than the case they are not
used together.

Comparing Sil effect indicated by UL94 burn rate dmebwith that one of LOI, it is
possible to point out an opposite flame retarddigice Sil shows positive interaction
coefficients with all the other components in btitle models: they lead to a general
positive contribution in increasing LOI parametghile they lead to the increase of burn
rate in the case of UL94 (with no self-extinguiskhaviour), which is a FR negative
contribution. This result can be related to thdeti#nces between the tests: in LOI test
the combustion moves from the top to the bottomjlevim UL94 the combustion
proceeds in the opposite direction and moreoveflémee involves the upper part of the
specimen. Sil additive displays effective actiorL@lI, but it falls in a strict test such as
vertical UL94, where the formation of silicaceowsrier, which would be very important
to interfere with combustion, is not enough. Funthere in the studied system it has
been possible to appreciate experimentally thdbwes combustion rate characterizes
samples with higher char forming capacity and nesgdability. This correlation between

burn rate and residue stability can be observeddargraph reported in Figure 3.2.3.2.12.
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Figure 3.2.3.2.12Correlation between the formulations residue behaviluring DIN 4102 test and the
burn rate in UL94 vertical test.
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The formulations with a stable residue during waitiburning test (DIN 4102 B2) are
characterized by a slower burn rate, while highemnlrates correspond to the samples
showing dripping or flammable parts falling. Evéntiis only a qualitative indication, it
confirms that the formation of a strong and stabkdue is related to the lower burning

tendency of the studied formulations.

Overall, the results of the analysis of the coefhts allow the determination of the
specific additive effects (as single componentnberaction) and of the responses, which
are more influenced by them. Unsurprisingly the riranfluences negatively all the
responses (decreasing LOI and TTI, increasing RER), suggesting that in the
composite the polymer must be the lowest possibheentration in order to have good
flame retardant properties. Another important pagnthat it is not possible to strongly
decrease natural magnesium hydroxide amount t@eelgood flame retardancy: among
the components Hy is positively effective espegiah LOI, TTI, t, and UL94 burn rate.
Sil additive influence is mostly related to its dagption effect and formation of a silica
barrier on the sample: the first is recognizechsnnegative effect on TTI, while the latter
mostly in its influence in decreasing RHR. The @ttof Sil can be enhanced by the
presence of other components, especially Hy, wharh cooperate in the stable barrier
formation: it is indicated by the presence of iat#ion terms in the models, such as the
positive effect on LOI, Tsmoke and the negativeeetffon UL94 burn rate due to the
typology of test.

CaB does not show any particular cooperative effetit the other components and it
shows similar beneficial influence of Hy even iistalmost lower, except for RHR and
Tsmoke, where its influence on thermal stabilitgd a@sidue stability becomes important.

3.2.3.3. Search fooptimal compositions

Based on the analysis of the models used for desgrthe parameters, some optimal
compositions of EVA based quaternary system hawn hanned. Theptimization
methodhas been used in order to evaluate the possibilitgiloring materials with the
desired properties, depending on their applicatAs.t is possible to image there are
several paths of optimization: in fact it is po$sito optimize more than one parameter at

the same time, or even all together. Thereforectheial step is the ranking of the flame
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retardant properties, because the path of optifoizateeds to find compromise among
different variables in order to reach higher valiesthers.
The optimization is solved by a backward processnfrselected response variables,
whose importancewgight factory and targets are indicated in Table 3.2.3.1.3. The
process takes to a list of formulations as possblations, ordered taking into account
the desirability of their responses. The desirgbjharameter is used to determine how
close the solution result is to the desired oneitmthaximum value is "1" for the best
solutions (Appendix Il). In this study on EVA systedifferent paths of optimization are
studied, focusing on different parameters. The ilgtatof the residue is the basing
characteristic for the chosen optimization attemptspressed by the stable residue
classification. Thus the common response for thengits of optimization is that they
must have “Yes” as outcome of stable resigaeameter (following the relative models
of Table 3.2.3.1.6).
Two optimization paths have been planned:

e LOl-optimal formulation (A): the aim is the highdsDI value.

e CCT-optimal formulation (B): the aim is the highe€Bime to Ignition (TTI)

simultaneously with the lowest peak of Rate of Healease (pkRHR).

Three of the most desirable formulations givenh®y/program for the optimization paths
are listed in Table 3.2.3.3.1 and Table 3.2.3.8dether with their predicted optimal

results and desirability.

Table 3.2.3.3.1Composition of the LOI-optimal formulations andithdesirability.

Hy Sil CaB matrix Stable

ne LOI . desirabilit
(Xq) X2 (X9 (Xa) residue y
1 0.500 0.100 0 0.400 40.0 Yes 1
2 0.508 0.092 0 0.400 39.7 Yes 0.992
3 0.525 0.075 0 0.400 38.8 Yes 0.968
Table 3.2.3.3.2Compositions of the CCT-optimal formulations andittdesirability.
Hy Sil CaB matrix Stable -
n° TTI KRHR . desirabilit
X) (X)X (Xq) i residue y
1 0.560 0.000 0.040 0.400 76.0 152.6 Yes 0.920
2 0.560 0.013 0.027 0.400 75.2 150.2 Yes 0.914
3 0.539 0.000 0.061 0.400 75.3 152.5 Yes 0.912
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Among the formulations given by the program, twoéndeen chosen as L&H(A) and
CCTopt (B) are reported in Table 3.2.3.3.3.

Table 3.2.3.3.3Compositions of the "optimal" formulations and thaésirability.

Component Formulation

Unit A (LOlgy) B (CCTop)
Hy % 50.0 56.0
Sil % 10.0 1.3
CaB % 0 2.7
Matrix % 40.0 40.0
Desirability 1.000 0.914

It can be observed that the formulation B is netfirst reported in Table 3.2.3.3.2 , but
it has been chosen the second formulation in tefrdesirability. Both for LOJ,: and
CCTop lists of formulations the predicted optimal resuétre very close each other,
indicating that it is possible to select one of tiigen formulations expecting good
results anyway. Formulation B contains both CaB &ildadditives, even if as small
amount, and this composition with similar properted the others has been selected as
the most interesting from an applicative point i@

Some of the experimental results for the optimamigdations A and B are reported in
Table 3.2.3.3.4 together with the results rangeaiobtl in the 18-run system

investigation (min-max range).

Table 3.2.3.3.4Experimentally measured test results for optimaiadations in comparison with the
experimental range obtained for the 18-run system.

Component Formulation

Unit A (LOlop) B (CCTo) min-max range
LOI % 40 32 20-40
Stable residue Yes Yes No-Yes
TTI S 64 74 48-82
pkRHR kJ/s*d 145 160 138-404
PKRHRime S 110 115 85-140
avRHR g0 kd/s*nf 118 145 114-340
Tsmoke °C 97 96 90-173

It should be noted that the achieved results drénside the experimentally obtained
range and for each parameter they are almost eeawgnt with the specific target (Table
3.2.3.1.3). The analysis points out the comproncisaracteristic of the formulations,
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especially for B, where a higher pkRHR value thafodnulation is measured in order to
achieve higher time to ignition.

It is possible to deduce some considerations atimiigiven optimized compositions:
first of all a common result for the paths of op#iation is that the amount of polymeric
matrix must be the lowest established; in factvgsght fraction is always equal or very
close to 0.4 that is our system lowest limit for it

Furthermore in the optimization paths Hy weightcfren is almost close to 0.5,
underlining that high amount of magnesium hydroxige required for optimal
performance in the chosen range.

For LOI path of optimization the highest desirdlils reached without CaB and with the
highest amount of Sil additive, in the range imgbbg our constraints. Combination of
Sil and Hy additive improves LOI values of our farations according to the interaction
coefficients of the model.

On the other hand it is possible to note the pesef CaB as common additive of all
the listed formulations for CCT optimization (Talde2.3.3.2). This result points out that
the studied system considers effective a small atoficalcium borate in combination
with Hy, when compromise between the main conerirakier parameters (TTI and
pkRHR) is required, especially for its reportediushce on pkRHR (CaB coefficient).
For B formulation, where both CaB and PDMS are ambination with Hy, slightly
lower value of pkRHR than the other formulationgpiedicted due to the reported CaB
and Sil coefficients and this combination doesreduce TTI considerably.

A comparison between the predicted and the expetmhedata for the optimal
formulations has been evaluated. The experimeetallts compare with the predicted
are reported in Table 3.2.3.3.5 and Table 3.2.3.3.6

Table 3.2.3.3.5Comparison between the experimental and the petlireisults for A(LOlopt).

Response Predicted results Experimental results
Mean A 95% confidence interval Value

LOI 40 38-42 40

Stable residue Yes - Yes

TTI 68 64-72 64

pkRHR 135 111-160 145

PKRHRme 106 94-117 110

avRHR g 112 94-130 118

Tsmoke 93 83-103 97
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Table 3.2.3.3.6Comparison between the experimental and the pestiietsults for B(CCTopt).

Response Predicted results Experimental results
Mean A 95% confidence interval Value

LOI 32 31-33 32

Stable residue Yes - Yes

TTI 75 72-78 74

pkRHR 150 130-170 160

PKRHR;me 123 113-132 115

avRHR g 126 111-141 145

Tsmoke 101 96-108 96

Many experimental results are in agreement withptteelicted values and however most
of them are included in the 95% confidence intexvdlhe confidence limits for the
reported parameters should be considered accepiabéise for most of them they are
less than 20%.

Another interesting attempt of optimization hasrbperformed including the parameters
coming from vertical burning test DIN 4102 B2: evienthis case the stability of the
residue has been maximized together with the maaitioin of the burning time,.tThe
analysed formulation with the highest desirabilitg]led C, is composed by 42 wt% of
Hy, 6.4 wt% of Sil, 11.5 wt% of CaB and 40 wt% ofaimx. The predicted and

experimental results are reported in Table 3.273.3.

Table 3.2.3.3.7Comparison between the experimental and the pegtiretsults for the formulation C
composed by 42 wt% of Hy, 6.4 wt% of Sil, 11.5 we¥CaB and 40 wt% of matrix.

Response Predicted results Experimental results
Mean A 95% confidence Value min-max range (18
interval formulations)
LOI 35 34-37 36 20-40
Stable residue Yes - Yes No-Yes
TTI 67 65-70 69 48-82
pkRHR 141 127-156 136 138-404
PKRHRime 99 92-106 90 85-140
avRHR g 113 102-123 111 114-340
Tsmoke 91 86-96 95 90-173

It is possible to observe from the composition #han in this case the amount of matrix
is the lowest as established by the system, siinteresting that the percentage of Hy is
lower than 50 wt% with the introduction of 11.5 wi8h calcium borate, taking to the
total content of filler less than 55 wt%. The miogéresting characteristic of formulation

C (especially for an applicative point of view)tieat the obtained results represent really
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a good compromise among the series of parameté®lpicone calorimeter and vertical

burning test, by using a lower amount of filler th&0 wt% and not using too high

amount of PDMS additive, which could have a negativfluence on rheological and

mechanical composites properties (and also ondbsiecf material).

Even in this case the evaluation of the predictadl @perimental results points out that
most of them are in agreement, confirming the gpoediction performance of the

models. However, taking into account all the aradysptimal formulations, the most
dependable parameters in prediction are verified @k value, TTI, Tsmoke and the

stability of the residue. Considering pkRHR and R they show good models quality
(Table 3.2.3.1.6), but the confidence intervalatreé to their predicted results are quite
wide in comparison with the rate of heat releas@atians of the analysed formulations.
In Figure 3.2.3.3.1, representative RHR curvesinbthfor the optimal formulations in

comparison with that of formulatialO are shown.
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Figure 3.2.3.3.1:Cone calorimeter results of optimal formulations#d B and C in comparison with
formulation 10 (EVA/60HY).

It can be observed that for the reported formuretj@ll with the lowest content of matrix
(40 wt%), the RHR curves are quite similar and db&ained data are close each other.
This could be related also to what has been repptngestatistical analysis of RHR, where
the absence of interaction factors and the closeificient values for Hy, Sil and CaB in
comparison with that of the matrix, confirm theghli variation of responses by changing

additives proportions with fixed amount of EVA matr
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However the study on the chosen optimal formulatibas pointed out that it can be
possible to forecast compounds by using in premticiome of the models obtained for
the analysed parameters in order to get materiath wpecific flame retardant

performance.
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4. Conclusions

The physicochemical analysis of the natural filleregnesium hydroxideHfy) and the
natural carbonatesvif) and SM), in comparison with the synthetic aluminium and
magnesium hydroxides, pointed out different aspeetsich were proved as crucial
factors for highly filled EVA composite propertiedy and Mf were characterized by
irregular shape, wider particle size distributiondathe presence of impurities.
Specifically Hy showed the most irregular partislepe, even if needle-like shape could
be ascribed to most of the particles, and the lowas density, indicating lower
aggregation tendency than the other fillers. Amoatyral fillers, calcium carbonate SM
showed properties more similar to those of the Isstitt fillers (regular shape, narrow
particle size distribution, low amount of impurg)e

The rheological properties of EVA highly filled cpwsites, studied by using a capillary
rheometer, showed that all the composites were achanized by pseudoplastic
behaviour, that shear viscosity increased with ipa@tion of filler and that it became
higher with increasing filler loading as expect&dirthermore the introduction of any
type of the chosen fillers did not modify the irdhce of temperature on EVA viscosity
and therefore no additional effect of this parameteist be considered in setting the
process condition for composites. The rheologitatlys was a successful method for
evaluating filler influence on the processing bebawof the highly filled composites. In
fact among the analysed EVA composites, those tonga Hy showed the lowest
increase of shear viscosity due to the particlepinology and their rheological behaviour
was less influenced by filler concentration: thesgpects indicate that the process
conditions for composites with the natural hydrexate less expensive respect to those
with the synthetic hydroxyde, even at the highefilloading required. The theoretical
approach carried out on the composites with hydiesiallowed the rationalization of
their rheological behaviour and of the most influproperties. In particular the study
showed that the "favorable” rheological behaviduiHp composites could be referred to
the higher maximum loading tendency, to the betigpersion capacity and to the lower
tendency of clustering than the synthetic hydroxmmposites. Among the filler
properties the particle size distribution and therage particle shape of Hy were

indicated as the most influent on the filler digi@n and rheology of the composite.
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About the melt elasticity properties of the matstidEVA composite filled with Hy
showed better swelling behaviour than compositéedfiwith synthetic aluminium
hydroxide, while Hy composites showed the worstweddte aesthetic quality among the
studied composites. In particular both Hy and ATdékt to a reduction of swelling
behaviour of extrudates respect to the pristine EAMA the reduction increases with
increasing filler loading. However the effect isma@vident in Hy composites, due to the
combination of particle shape, size distributior apecific surface, which took to the
less elastic recovery of the material. On the otlerd the introduction in EVA of Hy
and, with different aspects, of Mf took to extruekatvith very rough surface at the most
of experimental conditions. The negative influenck these fillers on extrudate
morphology was attributed to the lack of adhesietwieen filler and polymer in the case
of Mf and for Hy to particle morphology. Howeveletinesearch pointed out also that it
was possible to control extrudate aesthetic qualitjdy composite decreasing surface
roughness by increasing temperature, by decreéiiergoading and by mixing Hy with
another filler, which took to good extrudate moralyy by itself, such as the used
synthetic aluminium hydroxide.

The introduction of Hy took to better reinforcinffext than the other selected fillers in
EVA composites. In fact the natural magnesium hyidi® showed the highest increase
of yield strength and modulus with increasing filleading and the main reason was
found in the stronger filler- matrix interactioneto the higher interfacial adhesion of
Hy. However the irregular shape of Hy particles #ralstronger filler-matrix interaction
took to limited deformability of composites andtedhe lowest elongation at break.
While natural magnesium hydroxide incorporation dad show any particular effect on
thermal degradation behaviour of EVA, it was fouinat the analysed natural carbonates,
SM and Mf, influenced degradation of the polymertbe step corresponding to the
release of acetic acid. In particular the preseariae subsequent degradative step for SM
composite was determined and FTIR analysis of tfidved gases during degradation
indicated the emission of aliphatic ketone spewigls a spectrum very similar to that of
acetone. In the case of Mf composite the emissfaacetic acid and ketone compound
was detected almost together. The observed formaifoketone species allowed to

advance a main hypothesis, supported by the raofyeegradation temperature and
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related to the interaction between the fillers andtic acid formed in-situ by degradation
of vinyl acetate groups.

The evaluation of flame retardant properties of ¢dynposites, carried out during the
second part of this PhD study, confirmed that Ha is&lid and cheaper alternative to the
synthetic hydroxide despite its less efficiency doiehe presence of impurities and the
irregular shape of particles. The screening approacd the new parameterization
method proposed for analysing a variety of flamtardant additives in combination with
Hy in EVA, showed successful evaluation and classibn especially of the residue
stability and self-extinguishing behaviour of thealysed formulations. Moreover the
approach allowed us to obtain useful indicationsualbhe chosen additives, such as their
relative importance in the influence on a specifaane retardant parameter. All the
results for the selected system pointed out thatlethod could be of high applicative
interest and they are promising for the use witfedent matrices and/or flame retardant
additives in order to obtain a stronger validation.

The flame retardant study of a quaternary systemposed by the natural magnesium
hydroxide and EVA as matrix, together with calciunborate and a
poly(dimethylsiloxane) gum as additives, by apglma of Mixture Design, allowed us
to understand the behaviour of the complex systgnthe analysis of a variety of
parameters (coming from the main flame retardasis}eOnly a few interactions among
the components have been pointed out by the amabfsthe mathematical models
obtained for describing the parameters, becausd ofothem showed only the main
terms. Furthermore the models allowed the predicod formulations with desired
properties; predicted data were verified by expental results and in most of the cases
the good prediction performance of the models veadioned.

The analysis of the coefficients obtained for thedieis can be considered a good method
for determining the specific additives flame retardeffect, both in the case of single
component and interactions. In particular, from dhalysis of some models of the flame
retardant parameters studied on this specific syséand the evaluation of some
phenomenological results (residue stability, thérdegradation behaviour, etc), it could
be possible to point out useful indications abbet¢hosen components:

1) matrix had to be always the lowest concentrati@s possible in order to achieve

good flame retardant properties;
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2) it was not possible to decrease strongly theurahtmagnesium hydroxide
concentration to maintain a good flame retardamell®f composite for most of the
analysed parameters;

3) PDMS gum (called Sil additive) had good effestlomiting Oxygen Index and heat
release and this was mainly due to its capacityoahing a protective layer on the
sample, enhanced by the presence of the other cwmni® especially natural
magnesium hydroxide;

4) calcium borate showed positive influence on ria@r and residue stability of
composites, even if it did not show any particuoperative effect with other
components.

Despite the study on the analysed quaternary sy$EviA/Hy/Sil/CaB) has shown
partial improvements respect to the reference ceitgpEVA+ magnesium hydroxide),
it can be concluded that the applied method fotuasteng flame retardant properties of
additives combination results suitable both forestfic and industrial field. For this
reason the used chemometrich approach could belusefthe analysis of different
systems (different matrix, filler, additives, etn)order to describe the burning behaviour
of the formulations and the flame retardant effesftdhe components with a limited

number of experiments.
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APPENDIX |

Time-temperature superposition principle (TT$)

The time-temperature principle superposition stdtest the viscoelastic behaviour
(expressed for instance as storage or loss modusngular frequency) of a linear
polymer, evaluated at a certain temperature amgiénecy, is the same as that obtained at
a higher temperature and a higher frequency. Thisaf the modulus curve is described
by means of a shift factor for the frequencies danation of the temperature (Figure
Al.1). The concept of equivalent states underlyinge-temperature superposition can be
expressed in terms of an equation relating thegtgpneasured at a temperaturetd@
that at the reference temperature) (@sing the shift factor a(T):

G(T,w)=G(T2, a(T2) w)

Gr

—_—
w

Figure Al.1: Schematic representation of the shift of the maslalurve on the anguar frequency axis.

If time-temperature superposition holds, the usa shift factor allows to consctruct a
master curve showing the viscoelastic behavioar r&ference temperature over a much
larger range of frequencies than those experinmgraatessible. An example of a master
curve obtained for the storage modulus of a comialgpolystyrene is reported in Figure
Al.2.

! Ferry J. D., Viscoelastic Properties of Polymér8rd edition, Wiley, New York (1980).
2 Dealy, J.; Plazek, IRheol. Bull.200978, (2), 16-31.
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Figure Al.2: Master curve obtained by shifting modulus curvedifferent temperatures.

When viscosity is considered, the application ofaallitional vertical shift factor is
necessary. The horizontal one accounts for thadrenentioned time scale change with
temperature, whereas the vertical one, whose valugt be the same as the horizontal
one, comes from the definition of complex viscodiyhich is the complex modulus

divided by the angular frequency).

a(T) ‘ Ty
aT)
n T,
e —

w

Figure Al.3: Schematic representation of the shift of the \8#fgaurve on the angular frequency axis.

The time-temperature superposition principle camegaly be applied in the case of the
terminal relaxation of linear homopolymers, whiche aconsequently said to be
“thermorheologically simple” materials. Branchedymoers are another matter, as they
are generally “thermorheologically complex” eventemngls in the terminal relaxation

region. In this latter case TTS cannot be appliad tb the simultaneous presence of
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different mechanisms of relaxation (reputation am retraction). If the Cox-Merz rule
is taken into account the same shifting proceduteuild master curves can be applied to
steady regime data, where the stress must be figenivith the complex modulus and
the shear rate must be identified with the anduéuency.

In this case the shift of shear stress as a fumadioshear rate can be expressed as

follows:

T(Tv V) = T(Tz’ a(T,) [V)
and considering the viscosity, both the horizomatad vertical shift have to be applied,

leading to the following equation:

(1, 7) = Hbe) - 702200 ) _ (T )

Vs a(T,) a(T,)
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APPENDIX I

Definitions about statistical methods used for #amtardant studies >

In mixture design, the factors are proportions of different compdsenm ingredients of a

mixture. The factors are expressed as the fradfaotal amount of their experimental

ranges and they must sum up to 1. Generally inurexexperiments, the measured

response is assumed to depend only on the relptvgortions of the ingredients or

components in the mixture and not on the amourthefmixture. Planning a mixture

experiment typically involves the following stéps

1.Define the objectives of the experiment.

2.Select the mixture components and any other fa¢ctok®e studied. Other factors may
include process variables or the total amount efntiixture.

3.ldentify any constraints on the mixture componeamtsther factors in order to specify
the experimental region.

4.1dentify the response variable(s) to be measured.

5.Propose an appropriate model for modelling the aesp data as functions of the
mixture components and other factors selectechekperiment.

6.Select an experimental design that can fit the @ged model.

In many mixture designs, there are restrictionstte component proportions;X that

prevent from exploring the entire simplex regiom @nus focus the exploration only on

the region of interest. Thesenstraints are expressed as lower and upper boundaries of

the component quantity and the resulting experialeshdtmain is an irregular polytope.

The general form to expressmponents(x;) in a mixture design is:
zx,:l and L, =x, <V,

whereL; andU; are the lower and the upper limit respectively.

3 Smith, W.F. Experimental design for formulatio8IAM: Philadelphia, 2005

* http://itl.nist.gov/div898/handbook/pri/sectionfifahtm

® Atikler, U.; Demir, H.; Tokatli, F.; TihminliogluF.; Balkoese, D.; Uelkue, 8olym. Degrad. Stat2006,
91, (7), 1563-1570

® Dvir, H.; Gottlieb, M.; Daren, S.; Tartakovsky, Eompos. Sci. Techn@003,63, (13), 1865-1875.

" Piepel, G.F.; Cornell, J.Al. Qual. Technal1994 26, (3), 177-196.
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In these types of design it is considered converiesimplify the analysis of the system
by introducingpseudo-componentswhich allow the use of simplex type designs when
lower bounds are employed in the experimental dedigey are defined as:

X, — L
(1—Z|_J.)

whereL represents the lower bounds employed in the exyerial design.

D-optimal design procedure can be useful for the types of desighere the
experimental region is not a standard shape arssick designs cannot be applied. D-
optimal criterion selects design points from a é$tcandidates so the variances of the
model regression coefficients are minimized. laisomputer generated design, which
maximizes the determinant of the X'X matrix, whires the extended design matrix. Its
application corresponds to laying out mixture ekpents so that as large an
experimental region as possible is well mapped.
The purpose of performing mixture experiments isntwdel the behaviour of the mixture
in terms of a mathematical equation so that predicof the response can be made
empirically. In the study of the quaternary systesported in this PhD thesis the
mathematical expressioneéponse surfageassumed to be appropriate for the analysed
responses can be represented by the following gkregression formula:

p P

E(Y) :Zﬂixi +ZZﬁu XX, +Z ZZIBiijinXk

i=1 i<j i<j<k
wheref values correspond to the coefficients of the camepo (3 for first order,; for
second, etc), which are chosen by the programhieae the best fitting of the model to
the experimental data. The first order term represséhe direct influence of thieth
ingredient on a certain respon&€y) (main effect The upper order terms express the
interactions between the combined factors, whictkect the non-additivity in the
influence of the factors on the response.
The coefficients of the models have been selectatjuastepwise backward selection
procedure. The process starts with fitting a model with #le variables of interest
(following the initial screen); then the least sfgrant variable is dropped, so long as it is
not significant at the chosen critical level. Sussieely re-fitting reduces models and the

same rule is applied until all remaining variabdes statistically significant-irst order
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terms are always present, while the upper ordengetepend on model efficiency and

performance.

The coefficient of determination (R?) and theadjusted coefficient of determination
(Rzadjusted) have traditionally been used to measure goodokStsof an estimated linear
regression model.

The coefficient of determinatioR® measures the proportion of total variability eipéal

by the model. It is generally defined as:

_SSF_, SSt

Tss1 T ss]

where SSR stands for regression or model sum @&regquSST stands for total sum of

R2

squares and SSE for error or residual sum of square

The RP-adjustedreflects the impact of increasing and decreadiegriumber of model
terms. It is similar td¥, but it isadjustedfor the number of explanatory terms in a model
and it is defined by the following general equation

n-1
1-R%
p

2 ) —
Radjusted =1

wheren is the number of observation apaf the regressors in the model.

Values ofR? andR?-adjustedclose to 1 and closer each other are desirable.

The predictive capacity of the regression model can be indicated?ﬁyedidion which is
calculated according to the following equation:

PRES:
2 —
Rprediction =1- SST

wherePRESSstands for the prediction error sum of squareschvis a measure of how
well the model will predict new data. Generally lgalue of PRESS an@ prediction Value
closer to 1, indicates that the model is likelyp&oa good predictor.

Adequate Precision(Adeq. Precisioncompares the range of the predicted values at the
design points to the average predictor error anidl isaelated to the signal to noise ratio.
A value of Adequate Precision greater than 4 igralele, because it indicates adequate

model discrimination.

159



Theleave-one-out Cross-Validatiof, that has been used for validation of the models i
the reported studies, is a statistical method aluating and comparing algorithms by
dividing data into two segments: one used to tthm model and the other used to
validate the model. Specifically using tleave-one-ouform, in each iteration nearly all

the data, except for a single observation, are tmetlaining and the model is tested on

that single observation.

In order to achievaumerical optimization backward process has been used, where first
the dependent variables (Y) are defined and thennitlependent variables (X), that can
lead to the desired result, are found. It is neargs® choose the desired goal for each
factor and response (maximize, minimize, etc), tovige a minimum and maximum
level for each parameter and to assign a weighpditance) to each goal. The
importance factor for each goal is indicated bylas psequence (for example +++ is
importance 3, ++ is importance 2, etc): more pligns determine higher importance.
The approach is to combine the goals of the factord responses into an overall
desirability function, with translation to a common scale ([0, 1]). Thlction shape is
adjusted by the importance of the goals and thisstal program tries to maximize
desirability in order to find the optimum. This oesponds to a specific composition of
the mixture (best solution), which has 1 as desitalparameter if it satisfy completely
the desired goals or lower desirability value it tgoals are not perfectly reached.
Usually the optimization process takes to a listfasmulations as possible solutions,

ordered taking into account the desirability ofitmesponses.

Variable Importance in Projection (VIP) coefficients reflect the relative importance of
the individual variables and specifically the imhce on the Y-responses of every
predictor X in the model. VIP coefficients allow ¢tassify the X variables according to
their explanatory power of Y. VIP values above Vehaignificant influence on the
model and are more relevant for explaining theatani of Y°.

8 Refaeilzadeh, P.; Tang, L.; Liu, KCross ValidationIn Encyclopedia of Database Systems, Editors: M.
Tamer Ozsu and Ling Liu. Springer, 2009.
° Amaral, A.L.; Ferreira, E.CAnal. Chim. Acta2005 544, 246-253.
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