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In situ preparation of Non Halogenated flame retardnt polyamides

Introduction

The research project starts with the goal of usimgknowledge developed during the years by
our research group, applying it to a current pnaobie the field of macromolecular research: the
development of halogen-free flame retardant mdsertgince 1930 poly-halogenated aromatic
compounds (chlorine-based in the first time, bradased in a second one) have been used as
flame retardant; but with the growing attentionhtealth care, toxicity in human bdtyand
bioaccumulation in the environmé&hthave been evidenced. Step by $tepational and
supranational organization have prohibited at flistuse of poly-chlorinated molecules and in a
second time the use of some of the brominined gneshing the research to the development of
alternative products with a less environmental iohppamed NHFR (Non Halogenated Flame
Retardant).

The insertion of flame retardants in a polymeridnraan be achieved with two processes, each

one with peculiar advantages and disadvantages:

- Compoundings a mixing process of the product (additive) thxangs the desired property
to the melt polymeric matrix. It is a physical nmgi that leads compatibility problems
between matrix and additive, caused by dimensinoalhomogeneity and different values
of surface tension (difference between organicinachanic materials); these problems can
lead to the aggregation of the additive during tieenpounding process and migration
phenomena during time. On the other and compourttisgthe advantage to be a versatile
process, based on semi empirical studies, thagdresults in short time.

- Copolymerizationis a process that can give peculiar propertiethéopolymeric matrix,
when the comonomer has elements that bring theedegiroperty, appropriate reactive
groups to be inserted in the macromolecular chaid #hermal stability in synthesis
conditions. This process involves the disadvantsgeeeding more important investments
than compounding both regarding scientific knowkedgd time to obtain the desired result.
In spite of the difficulties in the developmenthis the advantage to insert the property in
the main chain, making it intrinsic in the matertalilding up a chemical bond between the
comonomer and the structural unit of the polymémigaating the problems of migration
and low compatibility typical of compounded matksidt has the potentiality to develop
materials completely new that can be object oflieteual property.

The insertion of a molecule by copolymerizationsesua modification in the chain regularity
with effects on the polymer’s cristallinity. To gemn this aspect, a part of the research project
has been conducted in the centre of research ofliRho Lyon, France, in the context of the
European Program for the training activity of Phidgnts. The training time lasted 5 months
and during this period the knowledge on the syrghasd the characterization of polyamide-
based copolymer was improved.



Material choice

In this research project the work was focused endwvelopment of flame retardant polyamides
by using two different approaches: the copolymeiorawith phosphor-containing molecules
(one of the most promising class of NHFR) and theeition of surface-modified mineral
nanoparticles (another class of NHFR with high po&t interest). The choice of polyamide is
owed to the fact that an high amount of this materéeds flame retardant property, considering
its use in moulded manufactured articles with aggpidon in risk conditions (electric covering,
control units..) and its use in the production ibfd (carpeting, drapery..) that should need a
specific flame retardant material (obtainable bgalgmerization because compounded materials
aren’'t usable) that doesn't exist on the marketilevthere is an example of a PET R
Regarding intellectual property there are somemgiteon the use of a minimal quantity of
phosphor-based comonomers in copolymerization mytlon 66; however at the beginning of
the PhD, there weren’t on the market polymeric migte obtained according to these patents.
Polyamide 6 has been chosen because it is a cormyraatained by polymerization of am-
amino acid; this kind of polymerization gives leggoblems in comparison with a
polycondensation of a diacid and a diamine (i.&igation problems), allowing a better study of
copolymerization.

Copolymerization

The first way is the use of a phosphor-containammonomer: 2 carboxyethyl (phenyl)
phosphinic acid (CEPP). This molecule (Fig.1) ieduss additive in some polyamide-based
polymersand as comonomer in the production of a PEF!FBur goal is to insert it in the
polyamide via copolymerization using the knowledgethe modification of the macromolecular

architecture field, where our research group haewkperience.
OH

O
o
N

o

Figure 1: 2 carboxyethyl (phenyl) phosphinic acdEPP)

Nanocomposite preparation

As explained before, the second way is the insgrtaturing the polymerization, of mineral
spherical (nanosilica) or lamellar (montmorilloniteanoparticles, with surface modification
obtained using silanes (terminated with aliphahein or aminic groups); high surface area of
the mineral at nanometric level permits to obtagoad dispersion in the polymeric matrix with
an enhanced effect of the properties carried, @dlaime retardan&y . The insertion in situ ad
the research of the best conditions of surface fication have as goals the maximum
homogeneity of the resulting nanocomposite.



Materials obtained via copolymerization

In previous works” it has been shown that the use of
CEPP in polyamides as bifunctional comonomer isn’t
possible because the phosphoramidic bond thavadvied

is unstable in the synthesis condition, resultingCEPP
behavior as a monofunctional chain ender. The gbtie
work was therefore the development of a polymeric
material with high amount of amino terminal groups
allowing to maximize the amount of CEPP insertedhin
second step maintaining an high value of molecular
weight. This goal has been persecuted by the noadiidin

of the macromolecular architecture, passing frofimear

to star shaped polymer: the insertion of a multfional

Figure 2: Linear Polymer vs star
shaped one. In red are marked
linker point for the CEPP, in blu the
star shaping molecule

1

comonomer permits to obtain a polymer with a nundddsranches equal to the functionality of
the central molecule, maintaining an higher valtienolecular weight in comparison with the
linear polymer (Fig.2).

Among multifunctional molecule tested as comonomkest results have been obtained by the
self-condensation product of the 3 aminopropylthoeay-silane, and an hexafunctional
polyamine called HBHT (hexafunctional bis-hexaméthg-triamine) (Fig 3.a and 3.b).
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The condensation of the silane is a process destiibliteratur , that carries to the formation
of the so-called POSS (Polyhedral Olygomeric Sijagsxanes); one example of is reported in
figure 3.a. These products are formed by a cad&-af bond in the central part and a series of
organic pendants in the external part. The resukhe condensation in our conditions is a
statistical mixture of molecules, whose degreeafdensation can be calculated by titration of
the equivalent molecular weight of the repetitivit.u

HBHT is a tail product of the distillation of theexamethylenediamine (HMDA), one of the
monomers of the polyamide 6,6. BHT (bis-hexametingigamine) is usually obtained by this
distillation process as sideproduct, but if the amalise reaction that brings from HMDA to
BHT is carried on for a longer time, molecules whigher molecular weight and higher
functionality can be obtained. The interest in tise of this molecule is caused by the thermal
stability in polymerization condition, the high wual of functionality that brings to star shaped
polymers with higher fluidity than the linear ofles and its origin as side product of the
distillation of a HMDA (1 million of ton/year).



Using these two molecules, different polyamide 6duhpolycondensation products have been
synthesized, studying the behavior of the synthes#&ction in the presence of two chain

regulators: a multifunctional molecule and a monetional one with complementary reactive

group.

This kind of copolymerization inserts a series afriables in the statistical process of

condensation that prevents a behavior’s prediatging the mathematical models develdfed

12 - By using POSS as star shaping molecule, polymers

with high number of amino terminal groups and high

1 molecular weight (compared with the ones of linear
/\ [\ polymer and star shaped ones synthesized by using

HBHT), have been obtained. Figure 4 reports SEC

curves of two polymers obtained using HBHT (violet

08

06
/ A \ TR curve) and POSS (green curve), synthesized with the
04 ™ goal to obtain the same number of amino terminal
/ / \ groups: it is possible to observe that the hydradyic
o j ] volume (referable to the molecular weight) is higime
) ‘ g the case of the POSS containing material. Molecular
0

. 20 300 500 weight data, obtained by a calibration in linealony6
22 equivalent, are reported in table 1.

Figure 4: SEC curve for the matrix 460 obtai
with POSS and HBHT

Terminal NH POSS HBHT
(meg/Kg) Mp d Mp d
460 15907 1,45 4177 1,58
255 15380 1,85 5350 1,88
160 25493 1,94 8832 1,68

Table 1: Molecular weight data of star shaped pehgontaining POSS and HBHT

A comment is needed in relation to the data of mdbr weight presented in this work obtained
through SEC analysis: this technique determinesrtblkecular weight of a polymer measuring
its retention time in the chromatographic appardgtetated to its hydrodynamic volume) and
correlating it through a calibration made with pobrs with known molecular weight. In our
case the calibration is obtained with nylon 6 Inpalymers that have a dependence of the
hydrodynamic volume from the molecular weight diffiet from the one of the star shaped
polymers. For these ones the dependence is relatderies of variables (number of branches
of the star, chain length..) that make impossibleuild up a calibration system that can be able
to give absolute values. However these data casobsidered valid for an internal comparison
of polymers with this molecular architecture.



The behavior of the copolymerization in presencéwaf comonomers (multifunctional amino
and monofunctional acid) has been investigatedndJbienzoic acid as monofunctional chain
ender in the amount necessary to balance the exdeamino groups introduced with the
multifunctional, a series of polymers have beerailgtd, having lower molecular weight than
the correspondent ones obtained without benzoit aci

A series of polymeric materials with CEPP replacbhenzoic acid have been synthesized, to
evaluate the behavior of monofunctional chain emd¢ihe phosphor-containing molecule.
Polymers with CEPP have lower molecular weight @mparison with materials containing
benzoic acid, both when using POSS and HBHT; tldams that CEPP is not only a chain ender
but also that its presence disturbs the polymeoizairocess.

Moreover it has been evidenced a particular intemadetween CEPP and POSS with effects on
the viscosity of the material over time (Fig. 5).
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Figure 5: Increasing of viscosity in POSS-CEPP polyers
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In the figure the rheological behavior of
the materials containing CEPP and POSS
is reported (complex viscosity in the log
scale of the ordinate versus time) using as
reference a sample of an industrial
polyamide 6% . Viscosity values are lower
in our samples in comparison to the ones
of the standard (typical behavior of star
shaped polymer), but this value increase
during the time, sign of a further reactivity.
This increase is owed to a cross linking
phenomenon caused by the reaction of the
-POOH groups of the CEPP with the -OH
groups unreacted of the POSS. It must be
remembered that the POSS is an non
completely reacted product and the POOH
group of the CEPP is able to create stable
bonds with OH group. This behavior isn't
remarkable in any other material
synthesized.



Nanocomposites materials

The second way followed to develop halogen-fremdaetardant materials is the synthesis of

nanocomposites materials; different amounts of maln@anoparticle have been added to

polyamide 6 with or without surface modification.

The two classes of nanoparticle used are veryrdifite

Nanosilica: is a material based on Si-O bonds, ednw nanometric dimension. Particles

have spherical shape

- Montmorillonite (industrial name Cloisite): is a mairal particle, lamellar shaped, with
ammonium ions, having ;C-Cig aliphatic chain, inserted between lamellae; thesion
represent 40% of the weight of the material. Gdneln@mical formula of the inorganic

component of this material is (Na,GaAl,Mg),Si;O10(OH),-n(H20).

Inorganic particles have been modified on the sarirough a reaction with silanes, because
the addiction of mineral particle (inorganic) tgalymeric matrix (organic) gives problems of
dispersion caused by different surface tensionheke two species. Silanes are a class of
chemical products with both an organic and an iaoig portion, that work as a compatibilizer,
reacting in a first time with the nanoparticle @tjray process, fig.6) and in a second one with the
polymeric matrix (in situ polymerization), if theganic portion brings an appropriate reactive

group.

—OH —o\
—OH —O7Si/\/\NHz
EtO
—OH 4 EtO—\/Si/\/\NHz —> O .
—OH EtO —OH
—OH —OH 3EtOH

Figure 6: Grafting reaction with 3-amminopropylkttioxy-silane

The reaction yield in the case of silane with anteroninal groups can be followed by acid/base
titration; table 2 reports the results for the gpabcess in the case of nanosilica and
montmorillonite grafted with 3-aminopropyl-triethgsilane.

Name of Meq NH2/Kg Meq NH2/Kg % grafting % grafting
Nanoparticle theoretical measured theoretical effective
Nanosilice 2% 246 148 2 1.2
Nanosilice 7,5% 833 671 7.5 5.6
Nanosilice 15% 1667 1287 15 10.7
Nanosilice 35% 3890 2447 35 20.3
Cloisite 2% 246 241 2 2.0
Cloisite 7.5% 833 485 7.5 4.0
Cloisite 15% 1667 942 15 7.8
Cloisite 35% 3890 3053 35 25.3

Table 2: Effective grafting % of nanoparticle wekamminopropyl-triethoxy-silane
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When the grafting process is conducted on a natiolgabrganized in defined structure (in
example lamellae composing the cloisite) it is pmesto measure the effect of the grafting
process on this structure, by measuring in the XRiRay Diffraction) the modification of the
inter-lamellae distance (Fig.7).

EZ==r=n

Figure 7: Modification of XRD spectra of cloisitg pure, b) 20% silane C-16 e c) 40 % silane C-16

The silane is inserted on the lamella surface ahdnges the interlamellae distance;
nanoparticles, covered by organic material, logeitimic energy that gives the position of a
lamella respect to another promoting the exfoliatim the polymeric matrix during the
polymerization. In the reported case, the effectstio®ng because the silane considered is
composed with an aliphatic chain C-16, and increa@séncreasing the amount of the graft.
Nanocomposite materials with different ratio namtipe/polymer has been prepared; these
materials have been characterized with DSC, SHE@titin of terminal groups, rheology and in
some cases also with SEM spectroscopy (Fig.8)

Figure 8: Two nanocomposites polyamide 6-basedaguing I'1% (dx) e il 5% (sx) of nanosilica grafted
with 15% of 3 aminopropylsilan:

By comparing the two picture is possible to obsetivat the lower the amount of grafted
nanosilica inserted the lower the tendency to @bgregation causing the formation of less
compact structures; also using higher magnificagidnigger surface area for the contact with the
polymeric matrix is evidenced.

11



Tests of thermal stability and flame retardancy

While in the industrial field the flame retardancy evaluated through tests universally
recognized that give a certification for the matkeii.e. UL94), in the scientific field and
especially on a laboratory scale, the most comnemhrtique is the evaluation of thermal
stability through DSC and the loss of weight widmperature through thermo-gravimetric
analysis (TGA) *¥ . Thermal stability of the materials has been w@at@d through
thermogravimetric analysis coupled with IR speaopy of the formed volatile materials; the
result is that the degradation curve of the syiiteesmaterial that can be compared with the one
on the pure polyamide 6, and the 3D spectra olddiyethe series of the IR spectra registered
during the analysis (Fig.9).

——
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Figure 9: Curve of the loss of weight compared Witk6 (a) and series of IR spectra of degradation
products (b) of nanocomposite nylon 6- 5% Cloigitafted 35% 3-propylamminosilane

TGA curve shows temperatures and rates of evolutibcombustible vapors that feed the
combustion process; the series of the IR spectraskhe structure of the vapors evolved during
the degradation, giving information on the amountvater present and the mechanism of the
degradation (in the case of polyamide 6 our anglgsnfirms the unzipping process of thermal
degradation).

In the case of the CEPP-containing polymers, ahggid of great quantity of material (500-
1000g) has been performed to evaluate the dataghrthe cone calorimeter analysis. All three
materials have give a good result of Rate of Heale&se (RHR), confirming their flame
retardancy.

The RHR value, in fact, is the most important of ttata obtained by the cone calorimeter
analysis, because it shows the rate of the condsuatid the tendency to spread it.

Conclusions:

In conclusion, during the PhD research the probbérine flame retardancy in polyamides has
been evaluated, following ways of development notessfully used by others yet. The problem
was handled using the scientific knowledge of asearch group in polymeric field, obtaining

either important results at scientific level andypteric materials and with a high potential in

industrial development. During the PhD course mgiftientific publication nor patent claiming

the rising of results similar of our ones have aped.
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CHAPTER 1: The combustion process in
polymeric materials
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Introduction

Combustion is a chemical-physical process that istsnsn the thermo-oxidative
degradation of a matter defined “combustible” (tbah be in any physical state: solid,
liquid or gas) in the presence of a combustive a@aesually air or oxygen in the
atmosphere) producing light, heat and volatiles AC0OO, fumes) or not volatiles

products (charred residue).

A generic representation of the combustion reaatambe the following one:

Activation energy

Combustible + 0, Light + Heat + Fumes + Charred residue

Figure 1: The combustion process

This is the most general definition that colledtgtee forms of combustion, even if they
can presents several different aspects: for exartm@eamount of charred residue is
related to the carbon content of the combustibte fames composition to the chemical
composition of the combustible and to the ratio bastible/combustive agent; as a
matter of fact, if oxygen concentration in the carsifion zone is high enough to oxidize
all the organic matter, the process is called “cietepoxidation” and all the organic
matter is transformed in GQIf, on the contrary, the oxygen concentratiomas high

enough, the process is called “partial oxidatiomid athe main product is carbon

monoxide.

This difference is very important since the toxiclevel of the two gases is very
different, considering that also at low concentiatCO molecule is able to bond the
hemoglobin site dedicated to oxygen transportdtomellular respiration, causing a risk
for the survival of exposed subjects (a concermmain the air of 2000-4000 ppm causes

the death in 15 minutes, after loss of consciéfice)
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The combustion process in polymeric materials

When combustion occurs in a polymer, the processngposed by a series of chemical
and physical mechanisms that take place in tweewdifft physical phases: the gas one
and the condensed one. Matter and energy are eyetidmetween these two phases,

following the Figure 2:

Thermal
Oxydation o
0, > (flame) > TfdeUCt)S
umes
Flammable T
vapors »  Heat

Dispersion

|

Condense Thermal [«
d Phas i
Degradation Dispersion
Charred |¢ | » Heat >
Residur [« |
- Th_ermal B Heat from
»  Oxidatior [ Primel

Figure 2: The combustion process in polymeric nialter

The condensed phase is composed by the polymetarialan the solid state, while the
gas phase is the atmosphere in which the polymelated, that might be enriched by
the vapors emitted by the polymers and is the ppdcevelopment of the flame.

The base skeleton of the combustion process is as@apby two elements: the polymer
in condensed phase and the flame in gas phaseedretinese two elements, there is a
matter transfer that is directed from the condendegke to the gas one and an energy
transfer going to the opposite direction. In thiaywa circle is obtained, where the
volatiles compounds are burned, emitting heat tlemomposes new matter that burns
and so on. As long as the energy emitted is highugim to maintain a degradation
kinetic that furnishes combustible vapors to mamtéhe flame, the process is

autofeeded.
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However combustion process in a polymeric matésiaot spontaneous, needing to be
started through an external source of energy. ©he of this source of energy (called
“primer”) is, on one side, to cause the thermalrddgtion of the polymer that develops
volatile products in a concentration that is corsgdiin the flammable limits and, on the
other side, to cause the increase of temperatutkeogas phase until a temperature
higher than the self burning temperature of thegasreached.

As shown in Figure 2, the combustion process iyrpelic materials carries a series of
secondary passages, that can be determinant gmndbess, modifying the conditions of
development until, in some cases, the stop of thegss. An example is the formation of
charred residue on the polymer in condensed phhiseprocess leads to a carbon-rich
coat of inert matter deposed on the polymeric maltdrat makes it harder to exchange
energy and matter between the two physical phasesing the end of the combustion

process.

Another important secondary process of the combisif polymeric materials is fumes
development; also if this process isn’t involvedhe propagation of the combustion (if
is excluded that fumes transmit heat helping thgpagation), it is very important for
the safety of the subjects exposed to the phenomembe two most important
parameters in fumes analysis are toxicity and ibpagsually in fact, fumes produced
by the combustion are highly toxic and kill peogarlier than the flame, while the
analysis of the causes of death during a fire shitnasthe opacity of the fumes is the
responsible of the disorientation of the subjegomed so they cannot find an exit from

the risk zone.
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Different phases of the fire

Fire is the macroscopic phenomenon that corresptmdhe combustion process and,
even if an accurate analysis of this event is het abjective of this work, a brief

explanation of the phenomenon is useful to undedstine effects of the chemical

substances studied in this work on the materials.

The development of the fire process passes threagie steps, in which the entity of the

process changes:

—

Temperatura
=S~

Swiluppo dell'incendio

Incendio in pieno sviluppo

Inizic dell'incendio Flash-over Tempo

Sorgenti di innesco Propagazione
Infiammabilita delle framme
Rischi Accendibilita Rilascio di calore

1 Fumi, Irritazione, Tossicita, Corrosivita

Figure 3: The Fire event

It is possible to see in the Figure 3 the variabbriemperature with the time during a
fire, at the beginning of the process, a low terapee profile is maintained, and most
part of the energy produced is absorbed by theggagon phenomenon; only during
this phase substances called “flame retardant’erder in action to slow or block the
combustion process, because energies involvedtéirédos and the effect of flame
retardancy can play a determinant role.

After the propagation phase, combustion proceashes a level of heat release that
cannot be controlled; the phase called “flash ovetdrts, coming just before the
maximum development of the fire. When the flashrglease starts, no flame retardants

can have an appreciable effect on the combustioceps.
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Polymer’s thermal degradation

The thermal degradation of a polymeric materians of the most important steps of the
combustion process regarding these materials bedapsoduces the volatiles products

that feed the flame.

The term “degradation” is used in the polymeriddiieo identify all the processes that
lead to a modification of chemical and physical gemties of the material; it is not
necessary a massive action of these processesdaio aln high loss of the properties: it
can be considered, for example, that the scisdidimed0,1% of the chemical bond in the
main chain of a polystyrene wit,, =1000000 of Dalton causes the reduction to 100000
Daltorf®,

The degradation of a polymer can be performed tirochemical agents (i.e: acids,
bases, water, oxygen..) or through physical agemtsxample, light, heat, UV beams..).
The behavior of the polymer in response to a degi@l process isn’t deductible by the
chemistry of the ideal chain: in fact in the rehhin there are errors or imperfections
that act as weak points and that determine theadagon behavior of the polymer: for
example, a chain of polyethylene, containing wegkg@nt formed during the

polymerization process degrades through the sanohanesm of the model compound

esadecane, but at 200°C lower, because this melbash’t weak points.
The depolymerization reactions are divided in twougs that correspond, in the inverse

sense, to the two groups of polymer synthesis @&t depolymerization by

polyaddition and statistical step by step polynegion.
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Radical depolymerization

As the name suggests, this kind of depolymerizgbimteeds through the formation of
radical species that are obtained by the homobgdission of a chemical bond through
thermal degradation.

This process mainly involves polymers composedong lhydrocarbon chains that don't
contains functional groups on the main chain (atfe> preferable target of

degradation); the process passes through threephases:

Start: The breaking of the chemical bond causes thedtiom of two radical molecules
&

L ]
\nfmf’—nw — " wrnsCH O+ HgCwonan
X,

X
Figure 4: Start reaction in radical depolymerizatio

Propagation it occurs through 3 main mechanisms: depropagatiantra-molecular

transfer and inter-molecular transfer, presemetieé following Figures:

Depropagation
H CH z
_‘J«_!J e _— CH *
| EE | o | //r\-\“x
> - e
Figure 5: Depropagation reaction in radical depasization

Intra-molecular transfer

i . e
T/ R W

Figure 6: Intra-Molecular transfer reaction in didepolymerization

20



Inter-molecular transfer
X X
WW"—I;HK * rvu-)\nfu uu/J\'\n/u i i
Figure 7: Inter-Molecular transfer reaction in @didepolymerization

Ending as in the case of radical polymerization, thetiea ends in the case of coupling

of two radicals or through disproportionation.

The relation between the three kinetics of thetrea®f propagation is what determines
the degradation product obtained: when the depaimagreaction dominant, the main
product obtained is the monomer and the reactiorcaided “unzipping reaction”
(reminding to the effect obtained when a zip ismpé the most important reaction is
the intra-molecular transfer, main products argomhers with low number of repetitive
unit (3,4,5) because these are the species thatliananated; finally, if the dominant
reaction is the inter-molecular transfer, degraaaproducts are macromolecular chains

with statistical molecular weight that decreasesndutime.
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Degradation reaction through statistical scission

Statistical scission of a bond in a macromolecualain doesn’t involve only the cited
mechanisms of homolytic scission in the radicalalgperization but also the case of
depolimerization by hydrolysis in polyester andyamhides; in this kind of polymersall
bonds between repetitive units are equals, thexdafay have the same probability to be
broken.

This depolimerization process results in a lossnofecular weight during time, that is
predictable through a kinetic analysis: ifig the polymerization’s degree at zero time,
the polymerization degree after a time “t” is ilat®n with the first one through the
relation 1.1:

Xo
s+1

X =

where “s” is the average number of scissions onaaramolecular chain that can be

evidenced as in the 1.2:

if the scission process follows a first order kioethe scission rate is calculated by the
1.3:

——L=kN
dt t

From equation 1.3 is possible to predict the deszreaf the molecular weight of a
polymer subject to this kind of degradation procdssng time considering the amount

of bonds that can be broken in the chain.

These equations are valid independently from theeoutar weight of the polymer and

refers to a distribution of molecular weight thetinges during the time.
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The thermogravimetric analysis (TGA) of a polymamaterial can give indications on
its behavior regarding thermal degradation, givilaga on the temperature, mechanism
and rate of the process. This analysis is usuallypled with spectroscopic analysis as
mass spectroscopy, where the molecular weighteotidgradation products is analyzed,
or IR spectroscopy where the absorbance of IR spetproducts is obtained.

The risk factor connected to the combustion process

Combustion process in modern society representacaeasing risk for human safety:
the presence of a lot of people in a building tt@ttaining an high amount of polymeric
materials potentially combustible is rormal.

Combustion process involves a development of hbat tauses an increase of
temperature up to levels that cause the carboaizati organic tissues, the consumption
of atmospheric oxygen necessary for the respiragod fumes emission that are toxic
and prevent with their opacity the possibility ¢ftlthe fire.

For these concerns the research of chemical predbat inserted into the polymeric
materials can slow the development of the combust®one of the principal targets in

the field of polymers.
National and supranational laws rule the flamerdatacy of polymeric materials with

high attention and with parameters in continue @wvah both regarding the flammability

of the final products and regarding the toxicityttoé materials used as flame retardants.
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Flame retardancy theory

A flame retardant is a substance that can slowodmaore passages of the combustion
process of a polymeric material (the scheme ohth@ transfers during the combustion

of polymeric materials is reported in the figure 8)

Flame

Flammable

vapors Heat

Thermal
Degradation

Figure 8: Main transfers in combustion of polymenaterials

Flame retardants can be elements or moleculespdp@vganic or inorganic nature, can
act in gas or condensed phase, through a chemicphysical mechanism. In this
paragraph the main aspects of the flame retardaction will be considered; for a
detaileddescription of the action of single flanetardants, please refer to chapter 2

(halogenated flame retardant) and 3 (non halogdrikzae retardant).
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Flame retardants operating in condensed phase

The key passage of the process in the condensee phthe thermal degradation of the

polymer that emits volatile products that are thieqgipal feed of the flame:

Polymer + Heat — Volatile products

Figure 9: Reaction in condensed phase

Any substance that is able to slow the heat trarisen the gas phase to the condensed
one or the matter transfer in the inverse directbonthat can slow the degradation
process of the polymeric material is consideredamé retardant that acts in the

condensed phase.

Flame retardants operating in gas phase

In the gas phase the most important element incéimebustion process is the flame;
processes that feed it are the key passages okinéic of the combustion therefore

retarding them the entire process can be slowed.

Flame retardants that act in gas phases are suabstahat are introduced in the
polymeric material (in the condensed phase) andatteatransformed during the thermal
degradation to furnish inert gases or radical gsedhat intercept hydrogen and
hydroxide radicals feeding the flame, slowing thecpss.
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Flame retardants that act through chemical mechams

This kind of flame retardants is composed by sufegta that, in degradation conditions,
form chemically reactive species that are ableistuth the processes of flame feeding
and heat transferring. The most common exampbklasformation of stable radical
species that are able to intercept hydrogen andokige radicals that feed the flame,
substituting them slowing the feeding process. &hgsecies are thermodynamically
more stable than hydrogen and hydroxide radicasefbre slower to furnish energy;
another example is the formation of charred coatimghe polymeric material obtained
through dehydration of carbon rich molecules. Ttoating (called “char”) slows the
passage of the matter from the polymer to the flamé the passage of heat in the
opposite direction.

Flame retardants that act through physical mechams

These flame retardants, during the thermal degmdadf the polymeric material,
decompose with emission of substances that chdrggeanditions of the environment
where combustion occurs, making it less favorabhe most common processes are the
development of a inert gas that dilutes the comagoh of the combustible products in
the gas phase slowing the rate of the reactionoafbuistion, and the decomposition
through endothermic reaction that takes away heat the environment, slowing the

reaching of the ignition temperature.

Flame retardants usually act through a serieseoftiove mentioned mechanism, other
ones need to be coupled to obtain a synergic efifittpermits to reach better results

with low amount of flame retardant.
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Flame retardant tests

Consequences on public safety and on the envirohtier can be caused by the
combustion of polymeric materials, push nationall aapranational legislation to an
high attention about the materials that are todselun the common applications.

In the case of polymeric materials, the combustiatess is not easily analyzable as for
example in the case of the gases, where the flaitpab only defined through the

limits of concentration in air or oxygen and thenperature of self ignition. In the case
of polymeric materials, many factors are involved, the shape of the object, the

environment of the combustion, the kind and thetposof the primer.

For these concerns, during the years a seriesasftsic tests have been optimized, with
the goal to predict the behavior of a determinedene or of the object that are

produced with these materials during combustion.

These tests vary from the ones that study the hehav the polymeric material in
controlled combustion conditions (rate of heatasée Q necessary to develop and self-
feed the combustion process), to the ones thayza#he behavior of a manufacture (i.e.

an armchair containing desired material is burnt).

There are also tests consisting in the burningnoéntire building to study the behavior
in the real scale; although this test furnish daathe real behavior of a polymeric
material in the application condition, the envir@mh conditions are very variable
(atmospheric conditions, presence and dimensidheoprimer) and influence the result
of the test.
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In this work the most important tests that study tiehavior of the polymeric material
evaluating it in controlled condition of shapingdaenvironment will be explained; in
particular tests that are universally recognized tl®s most representative of the

flammability of polymeric materials will be treated

- UL94
- LOI

- Cone Calorimeter Test

UL 94 Test!

The UL 94 is a test performed by the Underwriteabdratory to furnish a preliminary
analysis of the flammability of a polymeric matériaaere are three kind of tests that are
distinguished for the shape and the position ofsémaple during the analysisorizontal

test, vertical tesand test oithin materials

Vertical test UL 94V

SPECIMEN

‘—+ BURNER —‘

94v SETUP " 94VTM SETUP

' 2 COTTON
——— LS4 FIG 34 1

VERTICAL BURNING TEST FOR 94V AND 94VTM CLASSIFICATIONS

Figure 10: UL 94 V and UL 94 TM apparatus

This test is used to evaluate the flammability aécps that are used in common
applications and that are subjected to the riskarhbustion as part of white goods,

switchers and so on.
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The test consists in the burning with a little fressample (127 x 12,7 x 3,2 or 1,6 or 0,8

mm) placed as represented in figure 1. The figpglied twice for 10 seconds; between

the two appliances the sample must self-extingthstfire.

UL 94 divides polymeric materials in three classes:

- 94V-2: sample burns for a maximum time of 30 sesowmdter both the two
applications; the glowing is stops in a maximumetiof 60 seconds. Moreover drops
of melt can ignite the cotton placed under the dartgee figure 1)

- 94V-1: results are the same than in case of 94Va&sification except for the
ignition of the cotton that in this classificatiamnot permitted

- 94V-0: sample burns for a maximum time of 10 sesoadd 30 seconds is the

maximum time allowed for the glowing. The cotton’isgnited.

Horizontal Burning UL94HB

This test is the easier to be passed and usuatbriala that pass the vertical burning test

are automatically considered good for the horizotast. In this test the sample (127 x
12,7 x 3 mm) is maintained in horizontal positiordahere are two signs that indicates

the distance of 25,4 mm to the end of the samp#hawn in figure 2.

X BURNER ———p» *

< 3/8"
45° i \ WIRE GAUZE

UL94 FIG 2.1
HORIZONTAL BURNING TEST FOR 94HE CLASSIFICATION

WIRE GAUZE —

Figure 11: UL 94 HB apparatus

A little fire is applied for 30 seconds or untiletliire reaches the sign at 25,4 mm. The
test is passed if the fire needs more than 60 sisclinconsume 76,2 mm of the sample.
The test is performed on three samples. If onehemt fails the target, the test is

performed on three other samples, and all of thamstmeach the target to obtain the

certification.
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Vertical test on thin materials UL94VTM

In this test materials that are thin gauge or \ieyible and may distort, flex or shrink
during the UL94V test are analyzed: this test i$edent from the UL94V for three

reasons:

- Dimension of the sample are 203.2 x 50.8 mm

- Material is rolled on a cylinder (12,7 mm diametand blocked on one side, when
the cylinder is removed, the film assumes a comealas shown in the right side of
the figure 1.

- Two application of the little fire have the duratiof 3 seconds instead of 10.

Classification obtained is the same that in cdsBL®4V test, even if empirical data
show that the same material tested with these &sbis classified in an better class
through the UL94TM test. If a material can be usedoth two testes, this one is
preferred because in this case an higher clagsificas obtained.
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LOI- Low Oxygen Index (ASTM D-2863)

This test is developed by the ASTM (American Sqgcit Testing Materials) to give a
numeric value about the tendency of a polymericenmt to sustain the flame in
controlled conditions; this test doesn't give datathe combustion of the polymeric

material in real conditions, but is a measureintrinsic flammability.

The advantage of this test is that it can be peréarwith a little amount of material (low
cost test) and in controlled conditions; these attaristics make the LOI to be one of
the most important tests worldwide recognized fa study of the behavior of flame
retardants, the efficiency of their mechanisms, #r&ikr comparison in the combustion

process.

In the following figure (figure 3) a typical testex presented. It a has a small camera,
where the sample is placed, and the combustionepsors studied varying the oxygen

percentage.

Figure 12: LOI apparatus
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During the test the “oxygen index” is measureds(itndicate through several acronyms
as Ol “Oxygen Index, LOI “Low Oxygen Index”, COlritcal oxygen index”) meaning
the minimum concentration of oxygen in a nitrogetygen mixture that is able to

maintain the combustion during time.

The test is performed through the ignition withitde light that is removed when the
material is able to maintain the combustion; aftes, the minimum concentration of

oxygen that permits the self sustaining of the costibn is determined.

The LOI is measured as:

[01;]

LoT=to1.7+ V3]

where [O},] means the amount of oxygen in the controlled aphere when the
condition for the self sustaining combustion aracheed, while [N] is the nitrogen
concentration. The effect caused by the use ofamdl retardant is measured as the

increment of the LOI in the new material.

Considering that in the atmospheric air 20,95%>xyfgen is contained, all materials that
have a LOI lower than this value has a great prfibalbo self sustain the flame if
ignited; if the LOI value is higher, the materi@nchave the behavior of self extinguish

material.
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Cone Calorimeter

This instrumerit (that take the name from the heater that is chaped) is the most
complete for the study of the flammability of a yokric material. It was invented by
the American scientists of the NIST (National Ingg of Standards and Technologies)
and determines the rate of heat release (RHR)mat@rial subjected at a combustion
process. Now its use is regularized through a safestandards described in the 1ISO
5660-1:1993. Figure 13 presents a classical coloeimeter:

Figure 13: Cone Calorimeter apparatus

The test is performed in the following way: the gdans heated through irradiation from
the cone heater with a controlled flux of heat 8650-75 kW/r); to obtain a complete
certification of the ISO standard the test muspbdormed three times for each flux of
heating. Vapors developed by thermal degradatienigmited by a spark and fumes
produced by the combustion process are collectdcgaalyzed.
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This instrument has dimensions higher than tesoerthe LOI or UL94 tests, but this is
due to the series of modules that composes thertastl the series of factors that are
analyzed during the test:

- RHR (rate of heat release): is the most importantrpatar measured by the cone
calorimeter analysis; it determines increase ofp@nature in the environment, the
rate of the combustion and the rate of propagation

- Fume’s densityit is measured by the attenuation of a laser hetis a parameter
that determines the disorientation of the subjiectee case of combustion

- Fume’s toxicity toxicity of the fumes is measured, moreover issile to connect
specific modules for the analysis of the CO or,€@ncentration.

- Fume’s temperatureis an important parameter because this parametars

determine the propagation of the heat, therefaagtbpagation of the fire.

Complete final report is composed by the value of:
- Time to ignition (s)
- Total Heat Release (MJfin
- Maximum rate of heat release (kWjm
- Average rate of heat release after 180 and 30(hded&W/nf)
- Maximum temperature reached (MJ/kg)
- Average production of the fumes is)
- CO production (g)

Moreover following results are graphically reportetiowing the value reported during
the time:

- Rate of heat release (kW/m

- Fume’s production (ffs)

- Rate of HCN and CO production (g/s)

- Mass of the sample during the analysis (g/s)
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CHAPTER 2: (HFRs) Halogenated Flame
Retardants
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Introduction

Halogenated flame retardants have been the first &f flame retardants used by the
industry of plastic manufactures and until now tthedficiency has not been reached by

product.

Aromatic compounds with high halogen content (iaraple polychlorobyphenyls-PCBs
and polybromodiphenylethers-PBDES), act during tleenbustion of the polymeric

material through a series of steps that slow i@ development:

- In the gas phasethis compounds intercept hydrogen and hydroxiddicals
substituting them with bromine and chlorine radscilat are heavier and more stable
and therefore in slower feeding the flame

- In the condensed phagbey form hydrohalic acid during the combustitims acid in
contact with the polymeric material dehydratesivirgy a carbon-rich coating called
“char”. The char is a coating with high contentaairbon that cover the polymeric

material, slowing the passages of matter and eradrthe inter-phase.
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The history of the halogenated flame retardants

PCBs — Poly-Chloro-Byphenyls

The first halogenated flame retardants producethduastrial scale has been in the ‘30s
were molecules with biphenilic skeleton and vaeadmount of chlorine atoms bonded.
In the 1929 Monsanto industries bought the producplant of PCBs from Swann
Chemical company; PCBs was a mix of bi-phenyl basetecules with an amount of

chlorine atom for each molecule variable from 1@

The generic formula of these compounds {gHz«Clx and is graphically reported in

the Figure 14:

/N~

(Chn (Cln

Figure 14: PCBs General Formula

Is possible to obtain 209 different molecules bgsin the amount and the position of
the chlorine atoms on the byphenilic skeleton séhmolecules are called “congeners”
and they are ordinate from the number 1 to 208uilin the so called BZ series, that was
invented by Ballschmiter e Zell. 130 of these corgge have been found in the mix

produced.
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The PCBs production grew as an answer to the isgrgaequest of flame retarded
polymeric materials for application in the electaied electronic field, and from 1937
the concern on the toxicity of polychlorinated nwlles was investigated.

PCBs production has continued until different lediens, because of their toxicity,
banned their production and utilization. This hapggkin 1972 in Japan, 1977 in the
USA, and between 1976 and 1984 in several natiegalation of the EU.

The total amount of PCBs produced is estimated58Q1000 ton, starting from 1930’s
until the end of 28 century; the region with the maximum amount of B@Boduced is
the USA, where the Monsanto produced, between 1889 1977, 600°000 ton of
material, followed by Europe with a production &0000 ton and then by Japan and
URSS (Figure 15§

WLSA
BEL

Japan, URSS:

Figure 15: PCBs Production in the world

Some data are not available (production in PolantiEzast Germany during the
beginning of the Cold war).
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PBDEs - Poli-Bromo-Diphenyl-Ethers

Polychlorinated molecules as flame retardants wbesmdoned during the 1970&valid
alternative has been found in the polybromined mdés. Among them, one of the most
important group is the one of poly-bromo-dyphenylegs (PBDES).

They are molecules structurally similar to the PCiBe differences are the ether bridge
between the two aromatic rings and the presendearhine atoms replacing chlorine

atoms.

The general formula for these molecules igHz-BrO and their structure is presented

%""\- "{X

Figure 16: PBDEs General Formula

in the Figure 16:

rin

(Brin

Also in this case, considering the variable am@unat position of bromine atoms a series
of 209 congeners is found. They are divided in emregs with low amount of bromine
content (less than 5 bromine atoms for moleculé) lrigh amount of bromine content
(more than 5 bromine atoms for molecule). While first ones are considered the most
dangerous from a toxicological point of view, thelatules with the highest production
volumes are penta/octa/deca- BDEs. Also in thig ¢he amount of bromine content is
an average value, while the deca-BDE is composelD@¥ of that molecule, penta-
BDE is composed 50% molecules with 5 bromine atet8% molecules with 4 bromine
atoms and 2-3% molecules with 6 bromine atoms phuses (0.2-0.3%) of molecules
with 3 bromine atoms.

At the beginning of the millennium concerns on tbgicity effect both on the human
health and on the environment of these moleculssdatherefore the first ban on their
production and use has been performed by the git&alifornia (2006).
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Toxicity problems on the use of polyhalogenated pmlles

The chemical stability of these molecules is, oe sie, the reason of their success as
stabilizer and flame retardant and, on the othee,sihe reason of the concerns about
their toxicity. In fact, if during the applicatidheir solid structure stabilizes the material,
when they are in the human body or in the envirartrtieey are hardly degraded, giving
problems in bioaccumulation in human body or inaiguife’®.

Regarding PCBs, the most evident effect on the muhealth is the formation of a
persistent acne, called “chloracne”; its existeigavell known since 1930’s, period
during which it appeared on the workers in charlge©Bs production. Other problems

registered are liver diseaS&sabnormal concentration in blood and urine.

There are also cases of contamination of food ¢hased the death by intoxication of
many peoplé®. Regarding their bioaccumulation, in particulahiman fats, part of the
studies is concentrated to the determination ofpesage to new generations through

the accumulation in breed mitk .

Also mental diseases are studied in the sons of emoexposed to polyhalogenated

molecule§? and problems in reproductive activity subjectsasat> .

Concerning the cancerogenesis , these compound®@salered suspect cancerogen by
all the main organizations that work on human saf€he cancerogenesis is confirmed
only for PCB 126 (3,3',4,4',5-pentachlorobiphengid of the mix PCB126/ PCB 153

by an American scientific wol®!.
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These two molecules belong to the group with higbaicity, because the absence of
halogenated atom in orto- position gives to theenwle the possibility to maintain the
planar conformation, similar to the one of the cbtboxine as is possible to see in the

Figure 17:

Cl
Cl Cl cl /- o Cl

Figure 17: PCB 126 and TCCB formula

Regarding the accumulation in the environment,dhemical stability allows to these
molecules to maintain their integrity during timésa if solved in water (with a
concentration in solution that can vary from 0.16tang/L according to the congener

considered), therefore during the transport by apheric agents.

Because of this, they have been found in all parthe earth in 2002ven if their

production has been banned for 20 years.

The best way to eliminate them is the incineratriemperature higher than 1200°C
and in excess of oxygen. Unfortunately, the comimomerators work at temperature of

900°C and at this temperature PCBs are transformiehly toxic chloro-furans.

Regarding PBDEs, toxicity studies are more recadtlass articulate (there are less data
on the effects on human health) ; however the buacle problem is confirmed, both
in the human body and in the environment. Regardilmgccumulation, studies are
focused on liver accumulation and on the intercgptf the aril hydrocarbon receptor,
with effects on sexual, hormonal and neuronal #gtv'.

41



Leqgislation on polyhalogenated aromatic molecul@sthe world

PCBs

Regarding USA, the legislation on the use of PGBentrusted to EPA (Environmental
Protection Agency) that publishes all the laws redgg PCBs on the TSCA (Toxic

Substances Control Act).

The legislation started on 4 November 1976 wherptbeedures for waste treatment of
materials containing PCBs was fixed. All the legigln is contained in chapter
40CFR761, also published on the EPA welSlten complete form for public reading of
the laws not only on waste treatment but also oadyxction, importation and

manufacture. The document is updated the 1° Julgawh year if integration are

necessaries.

Also regarding the EU, the legislation starts witie legislation on waste treatment
through the directive 76/403/CEE of 6 April 19768at rules the disposal of waste
containing PCBs or PBDEs.

In Japan, the control of the use of toxic substanseentrusted to the JESCO (Japan
Environmental Safety Corporation). Japanese legsldlocked the production of PCBs
in 1972 after the Yusho accident in 1868wvhen the ingestion of rice contamined with
PCBs caused the death of 1680 persons.

In 1974 the “Law Concerning the Examination and UR&gpn of Manufacture, etc., of

Chemical Substances (Class 1)" entered in actiomibg also the importation and the
use of PCBs.
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Regarding the USA, EPA rules the use of PBDEs ertdiritory. Great Lakes, the only
American producer of PBDEs, has been asked in 20@%d the production within 31

December 2004. After this date EPA requested tiairhportation of these compounds
in USA to be notified 90 days bef&d.

Regarding national legislation, production and as@BDEs is forbidden in California
and Maine, and forbidding proposal are registerethe state of Washington, Hawaii,

lllinois and New York®,

In the EU in 2000 waste treatment was regulatedm2003 production and use of octa-
and penta BDEs were forbiddéf.
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CHAPTER 3: (NHFRs)Non Halogenated
Flame Retardants
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Introduction

Even if the use of some halogenated flame retasd@ntexample deca-BDE) is still
permitted in many countries, problems evidenceahapter 2 on the toxicity for human
health and bioaccumulation in the environment phehresearch to the development of

new flame retardants that can substitute the habitge ones.

All these compounds are collected under the acroNHRR (Non Halogenated Flame
Retardants) that indicates that their most impaorfaature is their flame retardancy

obtained without the presence of halogenated migscu

However polyhalogenated molecules have great effay as flame retardants, good
compatibility with the most of polymers and an giteble commercial cost. Since 1990s
NHFR have been considered as a better product shemkheir lower environmental

impact, but is not possible to find in this subsemthe same characteristics of flame

retardancy, costs and compatibility with the polyimenatrix.

In particular in this chapter will be treated:
- Metal hydroxides
- Intumescent Flame Retardant
- Phosphor-based flame retardant

- Nanocomposite materials
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Metal hydroxides

The most used inorganic flame retardants are alumiand magnesium hydroxide; at
high temperature these materials decompose witarveatission, through the following

reactions:
2 Al(OH)3 —> Al,O5; + 3 HO (T =180-220°C)
Mg(OH), —> MgO + H,O (T = 325-330°C)

Figure 18: Thermal degradation of metal hydroxides

Aluminum hydroxide is the most used both for thghler amount of water emitted in
comparison with the same weight of magnesium hydsxand for the lower

degradation temperature that permits water emis®arlier in case of thermal
degradation.

The decomposition reaction of the metal hydroxitkeg flame retardant effects both in
condensed and in the gas phase:

- in thecondensed phagbe temperature is lowered by the endothermicraattithe
decomposition reaction (350 cal/g) and of waterpevation (97 cal/g for ADs3);
moreover the thermal stability of the polymeric eratl increases because of the
deposition of metal oxides on the polymer’s surface

- in the gas phasewater vapor emitted slows the combustion’s kinatituting
combustible vapors and can stop the combustionepsod lowering combustion
vapor's concentration under the flammability poiMoreover the temperature is

reduced, lowering the combustion’s kinetic.

Metal hydroxides are considered the flame retasdaaving the lowest environmental
impact, because they act only through water emsdmwering the temperature and
diluting fumes.

However their efficiency (and in general the e#fiety of compounds that act through
physical mechanisms, if compared to the ones tbiatheough chemical ones) is very
low and it is necessary an insertion of high ame&0-60% in weight) to reach a good

result of flame retardancy.
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Intumescent flame retardants

Intumescent flame retardants are a set of chensuabktances that act during the
combustion process through the formation of a fahosbon-rich coating that works as
a barrier in the condensed phase, blocking theemattd energy exchange with the gas

phase.

This kind of flame retardant has been used siné®4 ®or the protection of metallic and
wood-based structures, and at the end of 1970ssibken transferred on the protection

of polymeric materials.

The action of intumescent flame retardant is complkrause three chemical compounds

contribute to the char formation:

- an inorganic acid, inserted itself or formed irugsithat causes the dehydration of

carbon-rich compounds (phosphoric, sulfuric or b@tid, or ammonium salts as

phosphate, sulfate or amine phosphate).

- a carbon-rich polyhydroxylate compound is the carbource after the dehydration

by the inorganic acid during the thermal degrachatio

- a nitrogen-containing organic compound as aminanaides that works as foaming

agent (i.e. melamine, polyamides).
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The mechanism proposed for this kind of flame dzat is the following one:

1. During thermal degradation, the inorganic acid ckisa the polyhydroxilate

compound dehydrating it and forming a multistragoon-rich coating.

2. The forming agent degrades thermally, emittingramtigas (i.e. nitrogen) that foams

the multistrate char increasing its barrier effect.

The choice of the agents for the intumescent sysselbonded to their behavior during
the decomposition process: in fact the proper actb the system needs that the
inorganic agent dehydrate the poly-hydroxilate coumals earlier than its degradation;
moreover the foaming agent must decompose with oees emission after the carbon
coating formation, when the viscosity of the carlooating is the right one to have the
maximum barrier effect (obtained in the case o6R@m for the bubble diameter and 6-

8 um for the carbon coating).

Intumescent flame retardant having great efficierarg poly-phosphoric acid as
dehydrating agent, pentaerythrol as carbon sourod area, melamine and
dicyandiamide as foaming agents.
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Phosphor-based flame retardant

Phosphor has shown, during the combustion prodegsgolymeric material, a behavior
similar to the one of polyhalogenated moleculas iable to form poly-phosphoric acid
(comparable to the hydrohalic acid formed by polgganated compounds) in the
condensed phase, that can dehydrate the polymeateriad to form a carbonized
coating; moreover it forms PO species that canrdefg hydrogen and hydroxide
radicals that feed the flame and substitute theth heavier radicals that are slower in

feeding the flame through the following reactions:

1. PO+H =HPO
2. HPO+OH= PO+ H,0
3. HPO+H=H,+PO

Figure 19: Radical mechanism of phosphor contaimiotecules

In particular reaction 2 shows that PO species wagkcatalyst of water formation in gas
phase, bringing many advantages in the flame ratand process. Phosphor can be
inserted as red phosphor or as phosphor-contagnganic molecule:

- The use ofred phosphorpresents the advantage that all the matter irtbagte
phosphor and carries the flame retardant propetyit is possible to obtain good
result with low amounts of matter inserted. Itg issaffected by some problems in
phase of manufacture because it is flammable atssirbple friction; moreover it is
a inorganic compound with low dimension and contpléty problems bonded to its
insertion in a polymeric material that has high ecolar weight and organic nature,
with consequent problems of migration and aggregati

- The use ophosphor containing organic compourstdves problems of flammability
and reduces problems of compatibility with the podyic matrix, but it causes the
insertion of an high amount of organic matter withdlame retardant property
bonded to the phosphor atom. Therefore an higheuatrof flame retardant additive
is needed to obtain the same result compared hatluse of red phosphor.

However, this molecules are considered one of gt blternative to HFR, because of

their high efficiency.
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Nanocomposite obtained with mineral nanofillers

During the last decades, the effect of the inseribmineral nanofillers in a polymeric
materials has been investigated, focusing on gamgability, impact resistance and

flame retardancy.

The nanometric dimension of the mineral fillerstfbéamellar (montmorillonite) and
spherical (nanosilica), theoretically allows an log@neous distribution in the polymeric
material with the possibility to maximize the praes through the insertion of a filler

with higher surface area than the normal dispeosed".

Regarding flame retardancy properties, minerafis inert matter and consequently not
interested by the combustion process. Moreovenarcase of combustion the polymeric
material is consumed, while the inorganic portisrconcentrated, giving the formation
of an inorganic barrier able to prevent the excleaogmatter and energy with the gas

phase.
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CHAPTER 4: Insertion methods of a flame
retardant in polymeric
material: Compounding
versus Copolymerization
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Introduction

Polymeric materials are on the market since thénbéug of the 28 century; during the
last 100 years, new polymeric matrices have beeriremusly developed, and new

applications have been continuously found for the of these materials.

Until 1960s there has been an exponential growttheffounding of new polymeric
matrices, but now the research of new matricet) bo industrial and academic level,
needs the investment of an high amount of timerandey, without the certainty of a
rapid or sure result. Starting from 1960s a new w@yobtain materials with new
properties has been found: the physical mixinghef tnolded polymeric matrix with

some particular chemical substances cattmdpounding.

The compounding

The compounding process consists in a physical ngiperformed in an extruder
between the molded polymeric matrix and one or naremical compound (called

“additive”) that confer the new properties.

The compound isn’'t necessary for all the applicatio the production of bottles, films

and fibers through extrusion, proper properties floese application are already
contained in the pure polymer, and if a minimalraiag is needed (for example the
insertion of a pigment) it is performed directlythé end of the polymerization phase or
at the beginning of the manufacture, without theessity of a complete step of
modification. On the contrary, materials used faylanapplication need properties that

are very different from the ones obtained withplee polymer.
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The compounding process is almost necessary foe gwtymers (i.e. ABS/PPO) and

almost absent for others (see tab 1):

Polymer Volume Compound
(x 1000 ton) % (000 ton)

PE 11700 8 950
PP 6600 11 750
PVC 5500 27 1500
PS 2900 12 350
PET 1300 2 30
ABS/SAN 730 89 650
PA 580 72 420
PC 390 46 180
PBT 110 91 100
Acetalics 150 12 18
PPO 60 100 60
PMMA 250 26 65
Others 70 86 60
Total 30340 17 5133

Table 1: Use of compound process on polymeric oeri

It is possible to see that PET, used for the prodnof bottle through a blow molding
process, generally doesn’t undergo a compoundiragess, while in the case of
polyamide, the 70% interested by the compoundirmggss is the amount used for the
fabrication of molded pieces; the remaining pattssd for fiber production.
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Principal classes of addictives used for the maodifon of polymeric materials are:

Stabilizers have the function to inhibit or slow the degraolafrocess of the polymeric
material during both the manufacture and the apptin. Standard stabilizers are
antioxidants or anti UV.

Biocides protect the material from attacks by biologiceganisms (i.e. silver salts).

Antistatic agentspermit the dissipation of the static charge aagiated on the material

(i.e. phtahalats).

Pigmentsvary the optical response of the material.

Fillers: improve mechanical properties of the polymer. fneerals, glass fibers).

Plasticizersimprove the flexibility of the material (i.e. phailhts).

Flame retardantsmodify the response of the polymer at the combastirocess, until

the self extinguish of the material.

Impact modifierfunctionalized polymer that adsorb the energy cagnfitfom an impact.
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The compound technique

The compounding process of a polymeric materighasformed in an extruder. The
classical layout of machine is shown in figure 20:

Resin
_\

Hopper
Thermocouples

S |
Screw  SCTEEN Breaker
plata

Mardened
liner
-
Gear ;
reducer AT
and e e, e e e e e, e e e
motor
drive

Feed —>-I-‘— Compression or transition Metering
section section section

Hopper Indicates

cooling heaters
jacket

Figure 20:Exampleof Compounder apparatus

The system is composed of a load point for the rpelyc matrix that pass in heated
cylinder pushed by one or more no-ending rotaticig\gs. The chamber is heated to
temperatures set through a thermocouple, as evedandhe figure 6.

The path followed by the polymeric matrix is detared by the number, the rotation and
the shape of the screws: there are extruders withoo two screws, with a rotation in the
same or opposite directions, and with differenéacs shape.

The additive can be inserted directly with the itiea of the matrix or later in order to
optimize the contact time between the matrix aredatiditives. Processing temperature
must be near to the melting temperature of the mehc matrix, lower than the
degradation temperatures of matrices and additiees| its profile is accurately
designed; processing temperature influences also Miscosity of the material,
influencing its interaction with the additives.

At the end of the mixing phase the polymer candided and granulated.
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Concerns on the compounding technique

The compounding technique, as explained, is thet napsd and economic way for the
development of materials with new properties.

However its use has advantages and disadvantagesnidke it attractive for some
aspects, and incomplete under others. Advantaget @sadvantages of the
compounding process are presented in table 2:

Advantages Disadvantages
Rapid Compatibility problems
Versatile Homogeneity problems
Needs low investment Migration problems
Needs medium Unusable for fiber
scientific knowledge production

Table 2: Advantages and Disadvantages of compogrativcess

The compounding process permits to obtain rapidly formulations, obtained through
simple mixing of the polymeric matrix with differeamounts of one or more additives;
it is possible to search in semi-empirical waytiigat combination of amounts that gives

the best result in improving the property of thetenal.

However compounding must not be considered as simpking process without
scientific basis. There are a great number of esjdispecially on engineering field, that
investigate compounding processes. In these sttidkeknowledge on some important
aspects, as screw number, rotation direction arelvsshape, are scientifically studied
and optimizelf?.

The insertion of a molecule with different origioropared to the polymer rarely carries
to an homogenous distribution; one of the most leralis that additives are usually low
molecular weight molecules (<1000 g/mol) and thalymer molecules have much
bigger dimensions>L0000 g/mol).
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This dimensional difference leads to a tendencynigration during time: even if with
the compounding process an homogenous distribugioeached, the additives tends to

reach the surface of the material.

Matrix and additive have not a chemical bond anel #dditive in the bulk of the
polymeric material is in equilibrium with the ona the surface: the last one can be lost,
for example, through evaporation or dissolutiomisolvent (i.e. water when raining); in
this case the additive in the bulk of the polymematrix migrates to the surface

impoverishing the material with the consequent twfshe properties.

Moreover, in the case of toxic molecules the lokshe additive in the environment

during application or waste treatment can causblenas of environmental impact.

Another problem bonded to the compounding procgsisome cases, the different
nature of additive and polymeric matrix: in theea$ mineral fillers (for example, metal
hydroxides as flame retardants) a physical mixsgeérformed between a polymeric
matrix with organic nature and an additive withrgpnic nature, having very different
values of surface tension and therefore low inteyagthis results in a poor dispersion
of the additive in the polymer, with aggregatiorepbmena that decrease the efficiency
of the additive.

Regarding this phenomena there are studies on ghmimation of the compatibility
between matrix and additive, through grafting meat. This treatment works covering
the surface of the additive with a substance, tied a better interaction with the

polymeric matrix, to obtain a better result durthg compounding.
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Results obtained with some grafting treatmentsheninteraction between additive and
polymeric matrix are appreciable through SEM (SmansElectronic Microscopy)
analysis: in the figure 21 are reported SEM imagégolyamide-based composite

materials in presence (right) and absence (lefthefgrafting agent:

Figure 21: Effect of the graft on the interacticatween an inorganic nanofillers and polyamide 6:
the result is reported in absence (left figure) presence (right figure) of graft.
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The copolymerization

Copolymerization is a process of macromoleculartt®gis that permits to obtain
polymeric matrices with chemical-physical charastas different from the ones of the
starting homopolymers, and dependents by the comerschoice, their concentration

and their sequence in the macromolecular chain.

The term “copolymerization” indicates the procdsat tforms a macromolecular chains
through the reaction of one or more repetitive ,umihere this definition interest the
complete structure that is repeated in the macreoutdr chain (for example,
polyamides, obtained by the condensation of diasiged diacids, aren’'t considered

copolymers because the repetitive unit is one).

Copolymer are described defining:

=

The composition: relative comonomers concentration.

Repeating units: sequence of enchaining, possblaeric structures.

3. Incorporation order of comonomers that determines kind of monomeric
sequence obtained.

Chain dimension.

Presence of branching, cross linking center orizgtibn

The analysis of the firsts two point carries to dingsion of the copolymers in 4 groups:

- Statistical copolymershave a statistical distribution of the monometofving the

1% order Markov law

- Alternates copolymersare composed by an alternation of the two comarenn

the macromolecular chain.

- Blocks copolymersthere are long sequences of the same comonomer

- Grafted copolymerschains composed by a comonomer are grafted ohain c

composed by the other one.
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Theory of the sequence of comonomers in a copolymer

The sequence of the repeating units in a macromlaeachain obtained through
copolymerization is ruled by the kinetic of the ¢gans involved during the polymer
synthesis:

The simplest case considers a copolymer compos&ddnd B monomers the possible

reactions are four, each one ruled by one kinetnstant:

k
A+B2 4B
k
A+A4-25 44
k
B+A-5 BA

k
B+ B -3 BB

The ratio between different constants causes tipgesee obtained:

- kAB~kBA~kBB "'kAA

All the reactions have the same rate and so theeseeg is ruled by the statistics.

- kap~kpa > kpp~ksn
All comonomers prefer to react with molecules & tdther comonomer than themselves.

An alternate copolymer is obtained.

- kap~kpa L kpp~kys
All comonomers prefer to react with themselves théth molecules of the other

comonomer. A block-copolymer is obtained.

This is a general and simplified example of thatireent of the kinetic data to discuss on
the copolymer composition. In the case of equilibrireactions (as in the case of
polycondensation) also inverse reactions must Insidered or the exchange reactions
on chains already formed. In some cases, also ghaultimate effect” is present in

which the penultimate structural unit inserted e tthain acts on the kinetics of the

chain growth; in this case the complexity of tigstem increases.
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In the following table some advantages and disadgms of copolymerization are

reported:
Advantages Disadvantages
Homogenous Distribution Economical investment
Inherent and stable property Starting scientifiestment
High efficiency Possibility to modify the plant
Usable for fiber production
Intellectual property

Table 3: Advantages and Disadvantages of the caommigation process

The insertion of a property through copolymerizati@as the advantage that the property
becomes inherent of the material and the distwioutof the comonomer in the
macromolecular chain permits an homogenous digtobwof the property on all the

material.

This good distribution can also allows for a betéiciency of the molecule used, with
the possibility to obtain good properties with lamount of the comonomer; considering
that this molecule has a prize higher than the rpelyc matrix, the use of a lower
amount of it gives a material with lower cost andrenstability. Moreover the molecule
is chemically bonded to the polymeric matrix, seréhare not concerns of migration or
agglomeration phenomena as in the case of compogindi

Last but not least for these materials is not néélde compounding process. This causes
a lower cost of the final material, while the albsewf a thermal treatment makes the

material more stable.

However, even if this process carries to matenath good chemical and physical
properties, it is not usually considered the padfer way in comparison with the
compounding process for the initial difficulties thoin economical and scientific

investment.
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A potential comonomer must have the following cheeastics:

- Reactivity it must possess reactive groups that permits itisertion in the

macromolecular chain without disturbing the polyim&tion process.

- Stability. it must be stable in polymerization and appl@atconditions. Moreover it
must form stable bonds with the monomers of therim#&b avoid being a weak

point in the macromolecular chain.

- Toxicity. the molecule must not represent a danger for humn@nvironment safety,

and must be synthesized by a environmentally swstée process

Moreover, by an economical point of view, the stuafya new polymeric materials
obtained through copolymerization must deal witvestment higher than in the case of

the compounding.

- Scientific study: is more important than in theeca$the compounding

- Modification or building up of a production plarthere is the possibility that the
copolymer cannot be synthesized in the same primstuptant of the homopolymer.

In this case the last one must be modified or a plewt must be built-up.

- Compatibility with in continuous plant: polymericatnices are now considered
commodities, where a good part of the economic @i is the high amount of
material produced in a continuous plant. This kafghlant are not very compatible

with the production of new materials, because rotatile.
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Conclusions:

In conclusion the two presented techniques pemnihodify of one or more properties
of a polymeric matrix, adapting it to the desirggplacation, passing through two very

different ways.

In the field of the industrial research the tenderscto obtain new properties for the
existing matrices passing through the compoundirnggss, because of its versatility,

rapidity in obtaining results and low economicaléatments.

Unfortunately, the ease to obtain data on the nadégoerformed through compounding
pushes also the academic research to chose ittenagpghe improving of the knowledge

on new polymeric matrices or copolymers.

On the other hand the research of new materialsugjir copolymerization is the
technique that has the possibility to repay stgriimvestments in money, time and
scientific knowledge, because it produces mateneth properties of stability and

homogeneity that are not obtainable by compounding.

The research of a new material through copolymgoizas the way to reach innovation
that can be crucial in the field of the developmehtnew materials, with better

mechanical properties, low cost and lower enviramiadempact.
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CHAPTER 5: Flame retardant’s market and
our choice of materials
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To identify the target market, and to give the fmBt to evaluatethe innovation
containedn this work, this chapter is focused on the dgdicnn of the flame retardan
market, with particular attention (productionvolumes and typologie

At the end of the chapter, a section \discuss abouhe choice of the merial for this
research project.

Flame retardants market

The global market of PR in 2007 involves a market evaluated4.2 billion of dollars
the production of the HFR is higher than NHFR’s ,omed evalated in 2,6 billions o
dollar, but it is important to point out that theerid is the substitution of HFR wi
NHFR, that increases during the tir

halogenated ——Non-halogenated
[ g8 —] g o
High performance 0.1 E}?o"sf_’
>8 USD/kg ’ phinates 0'2
TBPP* Phosphon.
APP
Medium PR Red Phos.
r-Polystyrene
performance 0 . 9 Br-Epoxies 'f':i:(r’;i;e' O . 6
4-8 USD/kg HBCD, Sbh,0, e
Commodities TCPP, TDCP, RDP, BDP,
4 USD/k 1.6 TBBA, Octa-BDE, ATH,
<4Us / g Deca-BDE, CI- Mg(OH),
Paraffines Trialkyl-P

Figure 22: World production of HFR and NH

In the previous figure, the ais represent theconomic volume of the flame retard:
produced, dividecccording t their cost. It is possible to note that in the cab&lFR
the low cost fraction is the hiest while in the case of NHFR it represents the 5@°

the total production.
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Scientific and industrial research about NHFR igenmecent; usually a higher efficiency
of the FR is searched even in spite of higher prodo costs, to allow for a lower

amounts of FR in the material.

The low cost fraction of NHFR is composed by alunmmand magnesium hydroxides
and organo-phosphor compounds with low content ofrfél low efficiency (i.e

Resorcinol bis-diphenylphosphate RDP).

The average cost group is composed by red phosahdrother compounds with

medium efficiency, while in the high cost group rinere organo-phosphor compound
with high P content and high efficiency, that caa bsed as comonomers, as 2
carboxyethyl-phenil-phosphinic acid (CEPP) usedcapolymerization with PET to

obtain the only example of inherent FR fiber, TRR®XICS".

An example of market: Electronic & Electric Equipnmt (EEE)

One of the most important market for the use ofgktics is the Electronic & Electric
Equipment one. In this field, in fact, the polyneematerial is used in condition of direct
contact with metallic materials in presence of gieccurrent, with the possibility of
sparks formation, and energy accumulation that lwardispersed as heat causing the

increasing of temperature and the development@élantal fires.
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This is one of the most important fields of devehgmt and use of NHFR as evidenced

in the following figure, reporting the main appliica fields of NHFR:

others
7%
transport EEE
19% 32%
textile
10% .
wire & cable
8%
buildings
24%

Figure 23: Field of Use of NHFR

A more detailed analysis of the amounts of the ngkieses of FR produced in Europe in
the field of EEE is presented in the following figuNHFR fractions are indicated with
different tones of blue, while HFR are indicatedhndifferent colors.

Borates & Melamine and Its salts

Stannates 3%

MDH 3% Cl-Paraffins
(magnesium \ 7% Chlorinated
dihygrc?/)(ide) ~ Phosphates

o 9 %

Bromlnaied
10 %
Antimony
trloxlde
3%
ATH Phosphorus
(aluminium based, non-
hydroxide) halogenated
53 % 8%

Figure 24: Distribution of FR used in EEE field
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The main product is aluminum trioxide (53%), prederto magnesium hydroxide (4%),
because it develops an higher amount of water (Ifond2 g versus 1 mol for 58 g of
the second) and because it has lower degradatiopetrature (220°C versus 350°C of
magnesium hydroxide) allowing to obtain the flametardant effect at lower

temperature.

Usually in order to obtained a standard value amg retardancy, HFR are added in
amounts of 10-20% w/w on the final material, a ghms-containing compound in the
order of 5-10% w/w of phosphor and metal hydroxiteamount of 30-50% of the

material.
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Our material’s choice

The passage from the use of HFR to the NHFR createsies of problem to plastics
producers and manufacturers: the lower efficientidFRs, and in some cases, their
lower compatibility with the polymeric matrix, aome examples of the unsolved

problem in the use of these new kind of FR.

Moreover the legislations on the toxicity and oe flammability of plastic materials

pushes the market to materials with higher flant@rdancy standards.

These two tendencies (on one side the necesssiytistitute the most efficient group of
FR, the halogenated ones, and on the other to hig\wer flame retardancy and low
toxicity) pushes the research to the developmenhes products, but it is almost

impossible to get a response for all applications.

One of the most important gaps in the present maskéhe absence of a polyamide
textile fiber with flame retardant properties. Aown in chapter 4, flame retardancy in a
fiber cannot be obtained through the compoundireggss, because the presence of a
extraneous material to the polymeric matrix is mstially compatible with the spinning

process.

Moreover the fraction of polyamide used for theriatof molding pieces (70% on the
total) interests a series of application that neduigh level of flame retardancy (usually

pieces are used in electric and electronic fieddsn automotive).

In the family of polyamides, Nylon 6 has been clmoas matrix for this project, because
it is a commodity and it is obtained through théypeerization of ano—w amino acid,
moreover it is a polymer easily analyzable in thsecof the insertion of one or more

chain regulator.
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Figure 25: CEPP molecule

As chain regulator, 2 carboxyethyl-phenyl-phosphiricid has been chosen. The
molecule is presented in the Figure and is alreaslgd on an industrial scale in
copolymerization with PET in an amount of 5% in gldito obtain the material sold
with the trade name of TREVIRA €Sone of the most important trade in the textile
field and the only example of synthetic flame regant fiber. The copolymerization of
CEPP with nylon 6,6 has been claimed (W098/5299d &$5952406) but this
synthesis doesn’t lead to a material with the @ésproperties; the evidence is the non-
existence on the market of commercial products inéth following these kind of
synthesis.

A second part of the thesis deals with the evaduatif the possibility to obtain flame

retardant nanocomposite materials through in sdlyrperization, since many papers

explore the use of mineral nanofillers as poterilgahe retardarft”.

Two minerals, very different from each other, hdpez=n used with several differences

have been chosen:

- The first one is montmorillonite: this mineral hémmellar shape and in the
commercial product used in this work Cloisite f5@aroduced by the Southern Clay,
lamellae are intercalated by ammonium ions comgitong aliphatic chains. Data
on the chemical and physical parameters of thidymbare presented in the chapter
9.

- The second one is nanosilica: is a material contpos&i-O bonds and organized in
spherical particles. The product has been choseth&low value of the average
diameter of the particles (20 nm) and the highaaefarea (600 7).
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CHAPTER 6: SEC (Size Exclusion
Chromatography) Calibration
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Size exclusion chromatography is an analytical negke that distinguishes the
molecules, basing on their hydrodynamic volume, sugag their retention time in the
apparatus; the molecular weight is measured basin@ calibration of the system

obtained with a series of standard through thetemjua

log(Mn) =a (£)*+ b (t)>+ ct+d

The hydrodynamic volume of a macromolecule is thiewme taken up in solution and is
determined by chain length, molecular architectanel polymer-solvent interaction.
During SEC analysis, the polymer is solved in aoppr solvent (that represents the
mobile phase of the chromatography) and is pushetkrupressure in a series of
columns that contain a polymeric gel having porés wariable dimensions (stationary

phase).

Retention time is determined by the dimensionaraattion between the solved sample
and the pores of the chromatographic columns: mt#scwith low hydrodynamic
volume permeate pores and take a longer way, gxdfter longer time of retention,
while macromolecules with higher molecular weigtg excluded and passes through the

interstitial spaces exiting quickly from the appasa

Calibration is generally performed through the wgsial of monodisperses standard
polymers with known molecular weight (usually palysne and poly-

methylmetacrilate but is possible to obtain alsonotbisperse polyamides through
anionic polymerization); considering that they am®nodisperse, they have a well
defined time of retention, that is related to theleoular weight to obtain the calibration

curve using the equation already presented.
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However the calibration obtained through the analgé monodisperse polymers gives
punctual values of molecular weighs, without intmas on the polydispersity of the

macromolecule.

During this work a new calibration has been obtdjnesing standard polyamides 6 with
controlled molecular weight, obtained varying th&éa caprolactam/aminohexanoic acid
in a closed system, to change the amount of waésept and moving the equilibrium of
the polycondensation reaction. 5 polymers have Ipeepared with the goal to cover all
the molecular weights generally analyzed during wark, from high polymer to the

olygomers.

In the table are reported molecular weight datgpfepared polymers:

Sample Desired M, Measured M,
1 32000 18282
3 10000 8546
4 6000 6526
5 2500 4311

Table 4: Samples prepared for SEC calibration

Since they are polymers synthesized through stefymaoization (equilibrium
polycondensation), the molecular weight distribotejuals 2 and the distribution curve

is evaluated through a mathematical model (Flomyslel).

The molecular weightM,) of the model polymer synthesized is easily mesder

through potentiometric titration (“measurild” reported in the table).
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In this way is possible to obtain the real valueM,, while values of \,, M, and d are
evaluated according to the mc:

Mw = 2M,
Mp =M,
d=2

It is possible to build up the theoretical SEC euof the polymer comparing it poiby
point to the experimental one and obtaining a valuenolecular weight and retentit

time for all the points of the curve as presentethe folowing figures
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Figure 2t Data Elaboration for the Nylon 6 linear Caliboat

This calibration allows to evaluate the molecular weighthe polymer considering al:

its polydispersity, that now is a parameter inhererthecalibration systen

However, in the analgs of species with modified molecular architec' (i.e. star,
branched etc..the relation between the molecular weight andhiygrodynamic volum
varies, causing an error if the molecular weightc@éculatedthrough a calibratio

obtained with linear polymer
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The use of a linear nylon causes an error muchrldi@mpared to the one resulting
from polystyrene

In the case of the synthesis of a polymer in presesf a multifunctional agent, the

variety of species obtained makes not possiblebtaio the conditions to evaluate the
molecular weight through a calibration.

For example, in the case of the synthesis of am@lan presence of a multifunctional
agent with f=6, the polymer will have different Bs of macromolecules obtained

following main variables:

- Presence of the multifunctional ageanhly a fraction of the macromolecules contain
the multifunctional agent, the residual fraction isomposed by linear

macromolecules.

- Number of the branchestar shaped molecules can have 3,4,5,6 branches

- Length of the branchestatistically, not all branches have the samgtlen

In presence of these variables, that influencehgrdrodynamic volume, is not possible
to define with accuracy the molecular weight cquoesient to a value of retention time.
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CHAPTER 7: Star shaped polyamides
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Calculation on the distribution of the molecular wehts in star shaped
polyamides

Flory’s Model

Flory, Nobel prize in 1974 in the chemistry, wag fiirst studying polycondensation
reaction of caprolactam with multifunctional ageheving 2 or more reactive groups
with the same reactivity (carboxylic acids or amigeups). During its study he
hypothesized that all reactive groups of the muiittional agent had reacted and that
the polymer contained only molecules with a detasdi number of branches with
similar length. The presence of terminal groupspresent in the multifunctional agent
(i.,e. amino groups in a nylon 6 obtained in presenf a molecule with several
carboxylic groups) reveals the presence and theébeuwf linear macromolecules in the
final product. Basing on these evidences, Flonetied a mathematical motd] that
allows the prevision of the number-average and mteagerage molecular weight and of
the fraction of linear macromolecules when an AB nomer reacts with a

multifunctional agent defined RA

The number-average molecular weight is defined as:

Qm,tm

M.= Q/b+L

Where Q indicates the equivalents of the RAb muwitittional agent in a mole of AB
monomer, b the number of the functionalities of RRkihe number of terminal groups
in lower quantity, and consequently the numberiédr chainsm is the molecular
weight of the AB monomer after insertion in the mwgcolecular chain, amMy, the

molecular weight of the multifunctional agent diediby the number df functionalities.
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The weight fraction of the linear species is defias:
B L
W=
{L+Q{1+[mﬁ—1J(Q+ "ﬂ}
m Q+1

While the weigh-average molecular weight is:

— =
M w— WL M n,LL%\] +(1_W|_)M n,Q(%\J

Where:

1-L
Mn,Q: mQ+L+mj

Q+1]

Mn,L: Q+L

X., L)+ E 1 b(l-L)1+Q)
{%}f“[(lsluix(lo?f)r {Y] Y he- 0@+ LP

This model is valid for reactions with an high cersation’s degree and low
concentration of multifunctional agent, becausey anlthese conditions the hypothesis
of complete conversion of the terminal groups @f mhultifunctional agent is valid. This

means that under this hypothesis the polymer aomt@amplete star shaped molecules.

Considering the last formula presented, that finessthe molecular weights distribution
for a complete star shaped polymer, consideringdomcentration of the multifunctiona
agent and high conversion, Q and L can be negleatadl the equation coincides with

the one calculated by Schulz in 1939:
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Later Prof. Farina worked on the same principles-loiry’s model, developing new
equation for the description of the behavior of staaped polycondensates. In a recent
study, Dr. Yuan developed a new complete mathealatmodel, reconsidering all the

kinetic model developed by Flory.

Prof. Farina’s Model[*®

Prof Farina, working on the modification of thetdisution of the molecular weight of
polyamides, with the goal of studying the impactt@chnological properties, studied the
problem of the equations regarding the distributioh molecular weights of
polycondensates products obtained in the presdrecenaltifunctional agent (RAf)
Polymers obtained are considered, with an high aqamation, as an homogeneous
mixing of non regulated chains (linear species) stad shaped ones with a number of
branches equal to the number of reactive groupiseofmultifunctional agent. Also in this
case, as in Flory’s model, the presence of regiilapeecies with number of branches
lower than the reactive groups of the multifunctibagent is not considered. Following
these principles, Farina, basing on Flory’'s worlkwhthe properties of the polymeric

mixture, elaborated the following equation:

5o ;1)2 e o —1)f(f -2,

WhereX,, indicates the weight fraction of the polymer thabhtins the multifunctional
agent. The proposed equation, in spite of its soitpl permits to obtain a value of
polydispersity with an approximation of 1% respdbe real one, very lower in
comparison with the experimental error obtainecough the use of the analytical

techniques used for the measurement of the moleaglight (i.e. SEC analysis)
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In the figure 27 the behavior of the polydisperditgex versus ok, with a different
value of the terminal groups of the multifunctioagkent is reported:
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Figure 27: Variation of d in varying f and conversiof the reaction

In the case of f=2 in all the composition rangews known effect of the decreasing of
the polydispersity can be observed, while in theecaf an higher value of f, D can be
higher than 2 also for a long range of compositointhe feeding.

It is demonstrated that the insertion of a multtfiional agent in an AB polymer can
induce opposite effects on the distribution of ti@ecular weights.

The equation can be elaborated indicatdg with different parameters, as the
concentration of the multifunctional agentoJ@Gnd the concentration of the terminal
groups not contained in the multifunctional agentthis case [NHE]). In this case the
eguation obtained is:

C

. C
fC, +[NH, ]

D:2_f(f_1)2( fC+—[0N|—|]

] +(f -1)(f -2)

Recently Dr. Yuan has elaborated a model more cexrgohd complete of Farina’s one.
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Yuan model

In Yuan modéf”, the expressions of the number-average molecuédght(DR) and
weight-average (D) one, and the polydispersity index (D) of sevexlymeric species
are obtained as functions of the terminal groups/ewsion of the multifunctional agent
(RAT).

Considering that the reacting system after thet sthithe polymerization reaction is
always composed by a mixture of linear and regdlateains, having the maximum

branches, the reaction scheme proposed by Dr Yae ifollowing:

P +RO_ P r>i=12.., P =AB
rRA +P DK PiRA

PRAL+R DOfF. PLRA

PR, +R 0 O paRA

P'RA_ +P OFF. P.RA =12,

In the scheme Pr represents the pure linear chhet, hasn't reacted with the
multifunctional agent and is composed byepetitive units,P,'RA. indicates species
composed by repetitive units and reacted with the multifunotibagent where only |
branches have been formed, and that can be nartadvigh| branches” (in the case of

=1 orl=2 the macromolecule is linear).

Differently from Flory’s theory, there are three#ls of linear macromolecules: the ones
formed by the only AB monomer (primarily linear)datihhe ones deriving by the reaction
of one or two of the functionalities of the multictional agent (star deriving linear).

The ones that are formed by the reaction of momn tR functionality of the

multifunctional agent are star macromolecules.
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A kinetic model with the complexity of the one posed by Dr. Yuan, needs some
approximation to be quantitatively solved in alkethaken into account species. The
hypothesis introduced regarding the equal reagtioft all the reactive groups in the
growing chain, the equal reactivity of all the gosuof the multifunctional agent not
considering the time of the reaction (i.e. is nmsidered the effect on the growing chain
and the increase of viscosity in the polymer), tredabsence of secondary reactions (not
involved in the model scheme).

Using these approximations all the reactive acscansidered ruled by the same kinetic,
and Yuan obtains these equations:

ZPr = No(l_ X)_ f[RAf]OX

[RA1=[RA ],(1-x)’

Where N is the starting concentration of the AB monomer giv@s the conversion of

the reactive groups of the multifunctional agentfRI& possible to observe that when
2P, = 0, meaning that there aren’t linear speciesyéletion is quantitatively complete,
if all the species are regulated, only A groupsesent. In this theoretical case all B
groups have reacted, therefore the maximum corores A groups can be calculated

by the following equation:

N,

= <1
N, + f[RA],

Xmax

The maximum value of conversion is a theoreticdieahat cannot be reached with a
real polymerization but it represents a referriognp in the case that in the elaboration
of the real data a conversion’s value higher than dne obtained by the equation is

found.
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The reaction scheme can be quantitatively solvedhi® single specieB, e P, with the

following relations, obtained during the developofghe model proposed by Yuan.

P ={N, L- %)~ fCox}(1- X)X

P =C f\r-1 1— ) '
ro O(l j(l_lJ( X) X
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WhereP, e P, represent the molar amount of the correspondemiespén the reaction

mixture for a defined feed and degree of conversion

In the following table, some important parametaes r&ported for the reaction scheme

proposed by Yuan:

Primary Polymer

i-branched Polymer

Linear Polymer

Star Polymer

: £
Pr I:)II’ I-rzF’r"'Prl"'F’rz S=Z|jr
i=3
X N, =Np
Number _ i " " _~
Concentration Np = rZ:llpr Np = rZ:_;LP’ +3 P+ Y P? Ns = 2335‘
r=1 r=2
WL = Wp
Weight _5 = $rpi =3
Concentration W rZ::l" Pr Wi Elr Pr + ;rp}+ grpr2 W E?’FS
r=1 r=2
Number
fractional = pi L s
moecar | ) =o- [ na(D=—-  [a@=t =S
weight Np pi N s
distribution
Weight
fractional rp rpl ro rs
molecular wp(r) =— wpi (1) = — we(r) =— ws(r) =—
weight Wp Wi Wi s
distribution
Number- op-(P i DPJ(L DP(S
average degreeDP”( ) DPn(P') DPn(L) DPn(S)
Of _ 0 _ (o) _ 00 _ [ee]
= >rnp(r = 31 np(r = Srnr = Srngr
polymerization rzzll () El ni(r) El () Eg ns(r)
Weight- P i DPu(L DPW(S
average degreeDPW( ) DPw(P') DPw(L) DPw(S)
Of _ © _ (o) _ 00 _ [ee]
=2r r = 2 Iwpill =2r r =T r
polymerization rzz:l we(r) El wa(r) rzzll wi(r) Eg ws(r)
Dispersion _ bPw(P) DPw(P') _ DPu(L) _ DPw(S)
index Dp=— "~ Dpi = i SN ST T— qy
DPn(P) DPn(P') DPn(L) DPn(S)
f = _ N» f _ Noi f, = N f_= _Ns
Mole Fraction| " P f pi f L f s f
Np+_szi Np+_ZNpi Np+_ZNpi Np+_ZNpi
i=1 i=1 i=1 i=1
. W W pi W W
Weight Fp= : Foi = 2 Fu= - Fo= :
Fraction Wp+ Wi Wp+ ZWopi Wp+ ZWopi Wp+ 2 Wy,
i=1 i=1 i=1 i=1

Table 5: Main parameters in Yuan's model
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Considering as the only unknown parameter the asiwedegree of the reactive groups
of the multifunctional agent RAf, it is possibledrpress the statistical momengsu:

andu, , both for linear species and for the star shayess:

(L) =N, =N, A-x)- fCOX(l—(l— x)f‘l)+% f(f-1)a-x)"x2

m(L) =3, = N, - fif’)’: (- @- %) 2@+ x(f -2)))

(L) =3 r2L, = Ny TFX TG

—_ f-4 —_— 2 —_
2, -« 1_X+fC0x(l x) (1 x? + x(f 1)(2+x))

16(S) = N = Gy (1—X) — fCox{1-(1- x)f‘l)+% F(f ~D)(L-x)"2x

(9= 318, = 1 =) x(1 -2))

1,(S) = 2 1S, = %(1+ (f —1)&— (L-x)"2-x? + x(f -1)(2+ x))j

tte = No (1= X) = TCox+ C,[1-(1-X)")
1= Ny

1+X x
= Ny = +C, f (f —1)| —
o= o5 "o ( )(1—x)

The molar fraction of star shaped polymeg) &nd of the linear one fare obtained by

the following reactions:

f :,uO(S)
S

My
f :ﬂo(L)
L

Ho
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The number and weight average degree of polymesizand the polydispersity for the
total of the molecular weights can be calculatedheyequations:

'ul NO

DPn T Ne@-x)- fCx+Cyl-@1-%)")

ﬁ:&
H,

Similarly, it is possible to calculate number anéigih molecular weight of the fractions
related to linear molecules and to star shaped. ones
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Substituting the equation of the complete conversiothe equation presented at the
beginning of the page 86 it is possible to evalulagedistribution of molecular weights

in the limit case of complete conversion:

1

DP,(lim)= :
')

DPW(lim)=1+1£1+ij

a f

D(lim)= (a+1+%][1—(1ﬁajf]

Where a indicates the initial ratiog/lo .Through these last equations it is possible to

define some important conclusions:

- the molecular weight of polymer depends by thgNgratio. The higher is the
amount of multifunctional agent, the lower the nealar weight obtained at the end
of the reaction.

- The higher is the number of terminal groups of indtifunctional agent, the lower
the distribution.

- Polidispersity index doesn’'t depend only on theugabff, as described in Farina
model, but also on the starting molar ratio betwsenomer and multifunctional
agent.

- Whenf = 2 anda < 0,01, limit values for number average degree dymerization
and polydispersity index are respectively equdlfa) e @+1+1f).
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Moreover is interesting to observe that duringithial phase of the polymerization the
higher part of the chains are linear and only Jaehigh conversion x, the percentage of

star shaped molecules is relevant.

The figure shows the percentage of the linear chaind the star shaped ones, in function

of the conversion of the hexafunctional comonomer.
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Figure 28: Variation of linear and star shaped maiecules in varying the conversion

In conclusion it is possible to state that the wdestar shaped polymers in the
manufacture of complex pieces is subordinated & dptimization of the production
process, considering that linear fraction is resgaa for the mechanical properties of
the material while the star fraction rules the dasing of the viscosity.
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CHAPTER 8: Study on the crystallization
of co-polyamides
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Introduction

Chapter focuses the improvment of the knowledge tlom crystalline phase of
polyamides. The biphase model of semi-crystalliolmers, based on the presence of

an amorphous phase and a crystalline one is weWhkn

Despite, starting from 1990 several studies, iniq@aar on the dielectric properties of
different polyamides, study the relaxation phencanah temperature higher than, T
resulting in a description of the state of the pwdy that exceeds the biphase model.

The BDS (Broadband Dielectric Spectroscopy) analysiudies the relaxation of a
polymer in increasing the temperature and varyhegdpplied electric field, analyzing
the dielectric constant of the polymer, and is ofdhe instruments that permits an

improved study on polymeric materials.
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In the BDSanalysis of a polyamidit is possible to detect 4 different relaxation pha
they are called, ifiollowing the order of appearance icreasing temperatury, (3, a,

anda’, graphically presented in the figt 29:

i uotisity
ncregse
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|

Figure 29: BDS analysis of PA 6

y relaxation is a relaxation that correspcs to the movement of the aliphatic chi

comprised between two amide groupsoccursat the same temperature than

polyethylene).

- B relaxation is a relaxation that involves the amide groOf the amorphous phase
It's not easy to dete

- o relaxation is due to the macromolecule’s movement, and badhaléhe g

- o’ relaxation has the same nature of 1o one, bubccurs at higher temperatt this

means that more energy required for therelaxation of these fraction of tl

amorphous phase

In figure 6is possible to see the 4 relaxation in a PA 6 dutime analysis of th
dielectric properties of the pamer. Similar studies have been conducted on PA%!
and PA 6,67

The existenc®f two different amorphous pha: is the explication for the existence

two differenta relaxatior.
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The cristalline phase of a polyamide is organizeda first stage, in lamellae th
aggregate and form, in a second stage, complegtstas namespherulites (stackin
phenomenon). The amorphous phase contained inexwid, and the one compris
between two different spherulites have two diffeédegres of liberty.

In the first figure itis represented the lamellar structure, while in $kend one is
represented one stack:

i
amorphous S : i
FEELTT crystal nuelens é‘%:"\,_____/ e njjl‘cml =
A S5 TN
4 S
Ay SHA\
Uy =
N T, 1SS

o I -~
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N
N N lamellar fihnls

Figure 30: lamellar organization of crystalline phan polyamid

Figure 31: Stack organization in polyamide

The two different amorphous phases are called MMBb{le Amorphous Phase) ai
RAP (RigidAmorphous Phas

MAP: is the classical amorphous phase, composealfbgction of polymer without ar
crystalline form

RAP: is the amorphous phase that is strictly cotatewith the crystalline phase. F
this reason it is highly oriented and a surpof energy is necessary to obtain

relaxation.
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Our work on the amorphous phase of polyamide

Starting from the description of the new semicrjistaa model proposed for polyamides,
our goal is the preparation of several model polgmeith different crystallinity
percentages, different lattices in the crystalliphase and different rates of

crystallization.

In the model polymers synthesized, we have workgdg to maintain the same amount

of the same amide groups density of PA 6 (ratiocdengroup, carbon atoms 1/6).

2 way have been done:

- Synthesis of a polyamide with a dimethyled diamwvéh the goal to prevent the
hydrogen bond formation

- Synthesis of copolyamides with different comonontershange the tendency to the

crystallization of the final material

The measure of the tempering effect on polyamided eopolyamides permits to
evaluate the effect of the colding rate on thetatigation process.

All the reactions have been conducted first witglass reactor or and then in a pilot
reactor (300 ml); at the beginning all the reacidrave been conducted in the glass
reactor; even if this methods doesn’t allow for bi@st conditions for the polymerization,
it presents some advantages, as the possibiliyota on small amounts of material to
take samples and so on.

In a second time some synthesis have been perfanrbd pilot reactor.
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Svynthesis of polyamides in presence of a dimethyleanine with the goal
to prevent the formation of hydrogen bonds

After the polycondensation reaction, secondary amifbrmed with the use of these
monomers, cannot give hydrogen bonds; the differdmetween this polymer and the

standard polyamide 6,6 is presented in the follgwWigures:

The case of standard PA 6,6:

J\fw’ﬁ 'W JW\H/M"\ )]\/

/L/\/\U/wf’“v”v“\“ WWJ\/

Ty ]/ vwr /\/T me )J\./

Figure 32: Formation of hydrogen bond in polyantge

The case of PA 6M,6
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Figure 33: Non formation of hydrogen bond in polyden6M,6
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Synthesis of PA 6M,6

This synthesis is performed in the glass reactosttmly the behavior of a secondary
diamine in the polycondensation’s conditions antinit the cost of the N,N’ dimethyl-

hexamethylendiamine.

The monomers are:

NN TN TN OH

N
H HO

Figure 34: General formula of monomers in PA 6M,6

The product obtained is an highly unbalanced olygolmecause the loss of a lot of

amine during the synthesis. Its appearance is hitckeegnd the terminal groups are:

- Carboxylic Terminal Groups (CTG): 658 meqg/kg
- Amino Terminal Groups (ATG): 46 meg/kg

And they give a value of molecular weight of 284thgle:

1000000
(658 + 46) /2

= 2840

The lost diamine has been found in the distilleitsan collected during the reaction,
and titrated with HCI 1 M. This loss is caused bg tower reactivity of the secondary
diamine in comparison to the primary one. AhMMR spectra of the distilled solution

shows that the amine is distilled without decomi@sior secondary reactions.
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The DSC analysis of the polymer shows that the ygbés completely amorphous: it
presents a transition at -12°C and after that no crystalii@ator melting phenomena
have been observed:

Deta Cp = 0 558 Jg*=C
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Figure 35: DSC analysis of polyamide 6M,6
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Synthesis of copolyamide 6,6/ 6M,6 (50:50)

At the beginning the synthesis have been perforamethe glass reactor starting from a
feeding composed by 50% in weight of N-salt (olkedifrom hexamethylendiamine with

adipic acid), and 50% of adipic acid/N,N’ dimethhdxamethylendiamine.

The resulting product has these values of terngralps:
- CTG: 259 meqg/kg
- ATG: 45 meg/kg

That gives to an average number molecular weigh66D g/mol.

This product is solid and crystalline, as confirna¢sb by DSC analysis:

Polymer Tg (°C) | Tc (°C) Tm(°C) AHm (J/g) Tm-Tc
PA 6,6/6M,6 19 137 187 32 50
PA 6,6 Std. 65 220 262 68 42

Table 6: DSC data of polyamide 6M,6/6,6 (50:50)less reactor

It is possible in this case, to compare the valuth® enthalpy of fusion of this polymer
with the one of PA 6,6. In fact the 6M,6 fractioannot crystallize, and the fraction of

crystalline polymer in this copolyamide is complgti®rmed by lattices of 6,6 chains.

An H' NMR spectrum of the polymer has been performedhtin the exact ratio
between the 6,6 and the 6M,6 portion. In fact tglothe NMR it is possible to identify
and to quantitate clearly the signal related toGk& group ina position to the tertiary
amine group and the GHgroup ina position to the secondary amine group. The
copolyamide is composed by the 57% of PA 6,6 ardi8% of PA 6M,6.

One PA 6,6 with 100% of crystallinity has\dm of 188 J/§, while a standard PA 6,6
has aAHm of 70 J/g that corresponds to a crystalline gatiage of 37%. In our case the
polymer contains the 57% of PA 6,6 and the valugHrih measured is 32 J/g.
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In conclusion we can consider that the crystailimt the copolymer is about 30% and
that lattices are formed by the 6,6 fraction. Wedawob a polymer with a lower
crystallinity in comparison with standard PA 6,6aneng that the copolyamide is made

of alternate copolymer and blocks of PA 6,6.

In a second stage we performed the synthesis irstéed reactor; we synthesized the
polymer with an excess of the secondary diaminiénfeeding to compensate its loss,

observed during the synthesis in the glass re&26f meqg/kg).

The polymer is synthesized using the standard tiondiused for the PA 66 synthesis
and the results obtained are:

- CTG: 431 meqg/kg
- ATG: 111 meg/kg

That give a value a¥1, of 3700 g/mol, while DSC results are:

Polymer Tg (°C) Tc (°C) Tm(°C) AHmM (J/g) Tm-Tc
PA 6,6/6M,6 10 120 173 32 53
PA 6,6 Std. 65 220 262 68 42

Table 7: DSC data of polyamide 6M,6/6,6 (50:503tieel reactor

Thermal properties of the polymer obtained in tteisreactor have little difference in
comparison to the ones obtained in glass reactpis(T0°C lower while Tc and Tm are
15°C lower). The BINMR analysis gives the same results for the foactif 6,6 and also

the value of théHm is comparable.
The unbalancing of terminal groups is higher in skeel reactor than in the glass one

(320 meqg/kg versus 214) and the value of ATG isidign the steel reactor (111 meqg/kg

versus 45 meqg/kg) meaning an higher degree of paigation in the glass reactor.
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In the following figures are presented the tempeeprofiles in each of the twi

synthesis:

' Y
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Figure 36: Temperature profile for polyamide 6M,6/€0:50) in steel (I) and glass (r) rea

Figure on the left preser the thermal profile in the steel reactor, on tlghtithe therm:

profile in the glass reactor is sho

In the glass reactdhe reaction is longer ara lower temperature is maintaineor a

longer time.

The fasterincrease of temperature in the steel reactor litthies olygomerisation ar
causes an highdoss of diamine during the synthesis (also if thaction is conducd

under pressure in the steel react
To obtained a good value of molecular weight with acceptable value of loss

secondary diamine, it is necessary to perfoislower increase of the tempera and a

longer time of reaction in steel reac
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Synthesis of copolyamides with different comonomgrsnake
crystallization more difficult and slower.

Synthesis of the copolyamide 6,6/4,8 (50:50)

It has been tested the coPA 6,6/4,8 where the tyenfsihe amide groups of the PA 6,6
are conserved; at the beginning the synthesis é&s performed in the glass reactor, and
later in a steel reactor using the same condituses! for the synthesis of the PA 6,6.

In this case the diamine used is more volatile tharone used in the PA 6,6 (b.p. 160°C
versus 205°C of the HMDA) and in literature is rdpd its tendency to the
cyclisatio®™.

Analysis on polymers obtained give the followinguks:

- CTG: 136 meg/kg

- ATG: 23 meg/kg

That means a molecular weight of 12700 g/mol

DSC:
Polymer Tg (°C) Tc (°C) Tm(°C) AHmM (J/g) Tm-Tc
PA 6,6/4,8 45 137 187 41 50
PA 6,6 Std. (°C) 65 220 262 68 42

Table 8: DSC data of polyamide 6,6/4,8 (50:50)

In this case it is not possible evaluate fromehéhalpy of fusion crystallinity fraction

because its value is owed to the melting of lastioe6,6, 4,8, 6,8, or 4,6 lattices.

In this case the HNMR spectrum doesn’t give evaluable data becaussigaals are
overlapped.

The loss of diamine during the synthesis is noteradfle to the loss of
hexamethylenediamine or putrescine, but is quaibi# in 8 mmol of diamine on the
285 mmol introduced, meaning a loss of the 2.8%usen value of 1.3 for the standard

PA 6,6.
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Synthesis of PA 6,7

Through this synthesis (and the following cof 6,6/6,7) is investigatewhat happen
when a coupleeven/uneve of comonomers is usedh this product the crystallinitis
not ruled by the chain si:but by the orientation of the amide groups.

In the case of an diacid wilunevennumber of carbon, the two carbonyl groups
placed on the same side of the molecule va possibleperturbation of thechain
regularity that can cau a perturbation on the formation of hydrogen bonds

therefore on the polymerystallinity:

OH

HO e e e T
HH

o] u]

W

Figure 37: Monomers for PA 6,7 and 6,6/6,7
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The synthesis of the PA 6,7 gives the followingutessfor the terminal groups:

- CTG: 54 meqg/kg
- ATG: 43 meg/kg

And the following ones through DSC analysis:

Polymer Tg(°C) | Tc (°C) | Tm(°C) | AHm (J/g) | Tm-Tc
PA 6,7 57 189 229 60 40

PA 6,6 Std. (°C) 65 220 262 68 42

Table 9: DSC data of polyamide 6,7

In this case the value of CTG is higher than AT@negdic acid decomposes at higher
temperature than adipic acid. Is not possible toutaie the molecular weight because

not all terminal groups are measured by titration.

However the high mechanical properties of the pcodeads to a classification as an

high polymer.
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Synthesis of coPA 6,6/6,7 (50:50)

In this case the effect of the alternation of tvaida with even and uneven number of

carbon is studied.

The goal is to obtain a perturbation of the crysti#y of the material.

The synthesis have been conducted in the glastreatd the results obtained are the

following:

Terminal groups titration:
- CTG: 64 meqg/kg
- ATG: 46 meg/kg

DSC:
Polymer Tg (°C) Tc (°C) Tm (°C) AHm (J/g) Tm-Tc
PA 6,6/6,7 53 167 213 48 45
PA 6,6 Std. (°C) 65 220 262 68 42

Table 10: DSC data of polyamide 6,6/6,7 (50:50)

Also in this case a polymer with good mechanicabpprties is obtained; in the solution
distilled during the synthesis a loss of the 2.08841MD has been found, compatible
with a glass reactor’s synthesis.
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Synthesis of the coPA 6,6-11

In this case an AA BB/ AB copolymer with a gredfelience in the comonomers length

has been tested.

The reaction is easy to conduct without side reastiat 250°C. The reaction is stopped

at the stage of olygomers to avoid the crash ofjtass reactor in the phase of extraction

of the final product.

The result obtained by titration is:

- CTG: 423.1 meqg/kg
- ATG: 229.5 meg/kg

That give a value a¥l, of 1532 g/mol, while DSC results are:

Polymer Tg (°C) Tc (°C) Tm (°C) AHm (J/g) Tm-Tc
PA6,6/11 36 151 181 32 30
PA 6,6 Std. (°C) 65 220 262 68 42

Table 11: DSC data of polyamide 6,6/11

Is possible expect a synthesis on the steel reax®@raluate the properties on a polymer

with high molecular weight.

In this case the loss of diamine during the synshissquantified in 3.8 mmol; a better
results in a polymerization conducted under pressuthe steel reactor is expect.
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Quenching process on the synthesized polymers

The goal of this experiment is to evaluate the tkinef the crystallization process,
studying the effect of a rapid quenching that céoclb fractions of polymers in the
amorphous phase. The slower the crystallizatiorcgs®, the higher the amount of
polymer that crystallize during the heating scame @morphous state forced by the rapid
cooling process is conserved only if the tempeeatisr maintained lower thang,T
because at a temperature higher thgm&icromolecular chains have the possibility to
change their position and crystallize.

PA 6,6 has an high rate of crystallization anddbenching process hasn’t effect on the
crystallization process: it isn’t possible to obtaihrough this methods a polyamide with
higher amorphous fraction than its equilibriumetand during DSC analysis there is no
presence of a peak of from cold crystallizationt, tmly a very small exothermal peak,

just before the melting phenomenon, as evidencéueifollowing figure:

Fienama: — CProg 00 Tampm + T¢ — 0
‘_Wv 'empre * T5000507 Tempre mgc-...

| 51.01 -
341 o = 100 150 200 250 2082
Tompersiure (°C)

OTA/2000 11:27:47

0] T
|2 oot o 28000C 1 £0.07C 8 2000 Chrin ;‘ Heat from -50.00°C 0 290.00°C st 40.00°C/min

Figure 38: Tempering effect on PA 6,6 (sub-Tm pexakienced)

This peak, called sub melting temperature exotherpgak, is well known in the

processing of the polymeric materials, and repisstire relaxation of the thermal and
physical stresses accumulated by the material.lianate this effect it is possible to
lead the sample to a temperature higher than thengnéemperature, maintain it for a

some time and then cool it slowly.
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In this work thequenchin effect is studied trough a rapid cooling of theypoér 200
°C/min) in the DSC apparat!

The thermal programsedis the following one:

- Isotherm at 280°C for 5 minute(Temperature higher than the Iting point of all
the polymers)

- Cooling from 280°Go -50°C at -200°C/min (Quenching phase)

- Isotherm at50° for 2 minute

- Heating from 50°C to 280°C at 40°C/m

Results obtained on the polymers and copolymetedeare very different. The ke
parameter is the from cool crystallizatiphenomenon after the;Th the last phase «
the DSC program.

If the quenchingprocess produce the desired effect, the polymer'thtee possibility tc
crystallize with the consequence of the formatidnan amorphous phase that is

thermodynamically stabl
If in a second time, during the heatiphase, temperatudeecomes higher thaTyg,

macromolecular chains have the possibility to efjige; the effect of thequenching
process is related to the obserpeak in from cold crystallization.

A
A

temperature ————=

Figure 39 Temperature profile of a DSC scanning
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If it is considered that:

1. All the fraction crystallized after the Tg is thenaunt constricted in amorphous
phase by the quenching process.

2. The non-crystallized fraction is related to thesrat crystallization

3. The rate of crystallization is a parameter direagpendent from the easiness of

crystallization.

the higher the peak obtained for the from cold tatligation, the higher the difficulty for

the polymer to crystallize

Results:
Products Tg ACp Tc AHc AHmM %
(°C) | @g°C) | (°C) | (Joulelg) | (Joule/g) | AHc/ AHmM

PA 66 Std. 60 0.19 68
6,6/6,6M 19 0.47 70 -21 32 66
6,6/4,8 45 0.26 78 -13 41 31

6,7 57 0.161 56
6,6/6,7 53 0.25 87 -1 43 2
6,6/11 35 0.28 85 -13 36 36

Table 12: DSC data after tempering process

The crystallization phenomenon considered in tihéetes the crystallization from cold;
the values presented in the last column indica¢epircentage of crystalline fraction

blocked by the quenching process.
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Polyamide 6,7

The 6,7 polyamide is the doesn’t present a crystdibn peak, but only the sub-Tm

exothermic peak already observed in the case ghpuotle 6,6.
This result shows that the use of a comonomer avithrbons number different from the

one of the adipic acid hasn't effect on the ratergktallization if the number is near to

the one of the reference molecule..

Copolyamide 6,6/6,7

In this case a small result of the quenching pmdgsegistered: a little peak of from

cold crystallization appears in the analysis:
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Figure 40: Tempering effect on PA 6,6/6,7
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Copolyamide 6,6/4,8

In this case an higher effect is registered, rdaggrdhe crystallization from cold,

obtained through the use of comonomers with anehmigtifference of the molecule’s
length, than in previous case
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Figure 41: Tempering effect on PA 6,6/4,8

In this case the quenching process blocks the 31%he crystalline phase in a
constricted amorphous state.
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Copolyamide 6.6/11

In this model polymer are contained both the aéieoe of AA BB and AB monomers
and a difference between the length of the comomamdoreover in this case an

olygomer is analyzed, with higher mobility of theolecular chains, giving more

relevance to its difficulties in the crystallizatio

In fact difficulties in crystallization for an olygner is more relevant because its relative

easiness to crystallize caused by the lower visco$ithe melt material.
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Figure 42: Tempering effect on PA 6,6/11
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Copolyamide 6,6/6M,6

In this model polymer, is not the length of the cmomer that rules the crystallization
rate, but the presence of hydrogen bonds that quminit the formation of hydrogen

bonds.

The result is most relevant in terms of from catgstallization:
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Figure 43: Tempering effect on PA 6,6/6M,6

In this case the percentage of polymer crystallitech cold is the 66% of the total

melted when increasing the temperature.

The crystallization degree of the polymer obtaireedalculable considering the amount
of fraction crystallized after the quenching pracésbtained by the difference between
the fraction totally melted and the from cold cajited) in comparison to the one of a

standard 100% crystalline PA 6,6:

(32 JIg — 21 J/g) /188 J/g x 100 %= 5,85 %
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Conclusions:

A series of model polymers have been synthesizéd tive goal to obtain differences in

the ratio amorphous/crystalline phase, maintaisinglar characteristics to PA 6,6.

The absence of the data on the 100% of crystallifnit the copolyamides analyzed,
prevents the possibility to evaluate the amountrgsétalline fraction in relation to the
PA 6,6, excepting for copolyamide 6,6/6M,6.

Considering the impossibility to evaluate the auilstity percentage, through the
guenching process it is possible to analyze thtei@ét to crystallization.

As expected, the polymerization product obtaineattisigp from adipic acid e N,N’
dimethyldiamine is completely amorphous.
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CHAPTER 9: Synthesis of star shaped
polyamides with phosphor-
containing comonomers

113



Introduction

As previously explained, 2 carboxy-ethyl-phenyl gbloinic acid

monofunctional chain ender in copolymerization witlolyamide based matrices,

because the phosphinic acid is not able to creatalde bond with an amino terminal

group in the synthesis condition of PA6 (bulk pognmation).

The only active group during the copolymerizatieadation is the carboxylic group; the

presence of a monofunctional chain controller cawsdecrease in the molecular weight

of the polymer that is directly proportional to tmelar amount inserted.

The following table presents theoretical data anrtiolecular weight obtained after the
insertion of a different amounts of a chain endercomparison with the molecular

weight obtained when the same amount of terminalgg is obtained through the

insertion of a multifunctional agent with f = 6.

Amount of end Mw obtained with f=1 | Mw obtained with

groups comonomer f=6 comonomer
460 meqg/Kg 2073 10321
255 meqg/Kg 3886 16603
160 meg/Kg 6264 22656

Table 13: Molecular weight calculated to obtain shene amount of terminal groups using mono-
and hex-functional ager
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The calculation has been performed through the *$ulstodel?®. Through the values
reported in the table it is evident that using dtifiaenctional agent with high value df
it is possible to obtain an high value of termigabups maintaining an high value of

molecular weight.

The synthesis of star molecule is the way thatitegs chosen in this work to insert high
guantities of CEPP in the polyamide matrix maintegnan high value of molecular
weight, to get a material with good flame retardgnbperty that maintains also
mechanical and physical characteristics companaittethe one of standard nylon 6.
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Multifunctional agents used

The star shaped architecture is obta in a macromolecule through the insertion, dui
the synthesis process, of a multifunctional moleowlth a number of equal reacti

functions equal or higher thar

As multifundional agents, two molecules have been t¢ hexafuntional bis-
hexamethylentriamin¢gHBHT) and Polyhedral Olygomeric Silsesquiox (POSS). In

the following paragraphs, the characteristics ahaaolecule will be explaine

HBHT

This molecule derives frorhexanethylendiamine (HMDA) synthes this molecule is

one of the two monomers of nylon , industrially obtained through the reductiof
adiponitrile from which is also obtained, through oxidationpallse other monomer «
nylon 6,6, the adipic acyd

Z"
P
N7
Di/ \{ed
i
HO. e T

Figure 44: Synthesis of adipic acid and hexamedikemine
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After the synthesisHMDA is purified through distillation; the maimit product of this
distillation is the BHT (Bis Hexamethylene Triam) that is formed through &

ammonolise reaction between two molecules of HV

MM
2 WNHQ + H?N““~\f-''''J_\““=\,-f"ﬂ"‘“m-f"'ﬁ““‘*N|_|2

l

H
WN S
HaM MH-
+ NH3

Figure 45: Synthesis of I-hexamethylenetriamine

This product is used as fluidificant in the synibesd polyamides. Its presence in f
macromoleculachain causes the formation three branchestar moleculethat lowers
the viscosity of the material making it more adfor the manufacture of comple
molded pieces.
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The ammonolise reaction thbringsto BHT formation can continue in the distillati
tail to givemolecules with higher molecular weight and highaiue of f. In our case w
obtained, through a collaboration with an industrial partreerproduct with highe

molecular weight that has beedentified as the following molecule:

H H
HENWNWNWN”WNWNHE
H H

Figure 46: Molecule of HBHT

Property Value
Chemical formul Cs0HsaNs
Molecular Weigh 512.9
Equivalent Weigt 85.5

Table 14: Chemical properties of HBHT

This molecule can be obtained through the ammaonaksction between an HMD
molecule with two BHT molecul: since its functionality is equé&b 6 has been called
hexafunctional BHT (HBHT)

This molecule is stable in polymerization condiprand isperfect as star shapil
molecule for PA 6 copolymerizatic
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POSS

In this work, with the acronym POS{(Polyhedral Olygomeric Silsesquioxi) is
identified the selitondensation product of tI3 amino-propylftriethoxy) silan; the self
condensation ofieine molecules to obtained defined polyhedralcstmes composed
a Si-O skeleton and organic pendants with several fanatities is a well know

process in scientific literat.*?.

O_\D NH-
Da}sf/

Figure 47: Molecule of 3 ami-propyl-(triethoxy) silane

In our case, the self condensation of 3 amino-propylftriethoxy) silan is self
catalyzed by the amino group at the end of therocgehain; and the reaction procet

spontaneously in water solution with ethanol lass ®rming S-O-Si bonds

Thevalue of conversion can be calculated by the aisabfsthe equivalent weight in tt
obtained structure, measured through potentiomatration of the amino end groug
the equivalent weigh obtained can be consideraeatterage molecular weight ofe
repetitive unit composing the final structure, oating the degree of the s

condensation reaction:
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The obtained value is comprised in a range of th@valent weight of the complete
condensed silane and the weight of the unreactadesiin the following table are
reported the molecular weights of silane’s molecnlthe case of the reaction of 0,1,2,3
ethoxyl groups (EtO-) in the self condensation pesc(since there is one oxygen atom
in the Si-O cage for each couple of Si atoms, whaltulating the weight of the
repetitive unit, its half oxygen atom is considefedeach reacted group).

Number of Equivalent molecular
reacted bonds Weight (g/eq)
0 221
1 184
2 147
3 110

Table 15: Silane weight based on the condensatdgreg

250 1

200

150

100 -

Molecular Weight

S0 A

-1 0 1 2 3 4

Mumber of reacted groups —_—

Figure 48: Loss of weight of the repetitive uniusad by condensation of the silane

The result obtained show that the product has dexwsation degree that is near to the
reaction of 2 groups on 3; therefore the silaneniy partially reacted, and the unreacted
part can have an important role on the polymersinbt using it as multifunctional
agent. The nature of mixture of species of the setfdensed silane, doesn’'t permit to
attribute to this multifunctional agent a deterngin@lue of f, preventing the possibility

to use a mathematical model to predict the polyra¢ion result.
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Polymers Synthesized

Star shaped polymers

Sample meq NH/kg meq NH./kg
from POSS from HBHT
460 S 460
255 S 255
160 S 160
460 B 460
255 B 255
160 B 160

Star shaped polymers ended with benzoic acid

Sample meq NH/kg from meq NH,/kg meq COOH/kg from
POSS from HBHT benzoic acid
460 SB 460 460
255 SB 255 255
160 SB 160 160
460 BB 460 460
255 BB 255 255
160 BB 160 160
Star shaped polymers ended with CEPP

Sample meq NH/kg from meq NH,/kg from meq POOH/kg from
POSS HBHT CEPP
460 SC 460 460
255 SC 255 255
160 SC 160 160
460 BC 460 460
255 BC 255 255
160 BC 160 160

Blends between Nylon 6 Standard and Our polymers

Sample 80% in 20% in weight
weight

Blend-460 SC Nylon 6 std 460 SC
Blend-255 SC Nylon 6 std 255 SC
Blend-160 SC Nylon 6 std 160 SC
Blend-460 BC Nylon 6 std 460 BC
Blend-255 BC Nylon 6 std 255 BC
Blend-160 BC Nylon 6 std 160 BC

Table 16: Polymers synthesized with complex mokecatchitecture
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Using the two presented molecules, two series bfnpers with star shaped molecular
architecture have been prepared; considering thetis work the value that determines

the amount of flame retardant agent (CEPP) bondetthé polymeric material is the

Star Shaped Polymers

amount of amino terminal groups, this value is taée referring point.

Polymers have been synthesized with the goal tailt60, 255 and 160 meq kg

as terminal groups, both using POSS and HBHT.

Results obtained using POSS as multifunctional agen

The results of molecular weight and terminal grditgation of polymeric materials

obtained through silane insertion are presentedhie 17:

Sample Mn d -NH; meg/Kg -COOH meg/Kg
460 S 15307 1.45 460 X
255 S 15908 1.85 255 X
160 S 25493 1.94 160 X

Data analysis evidences the star shape of thessiaiat the high number of the amino

terminal groups (in relation to the no-detectionttué carboxylic ones) and the D value

Table 17: SEC and titration data on polymers dairtg POSS

lower than 2, are typical of materials with thislewular architecture.
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Regarding the molecular weight of these mateit is possible to observe a decreas
of the molecular weightvher increasing the molar amount of multifunctic agent, as
predictedpolymerization theoryof an AB monomer in presence of a multifunctic
agent (see chapter 7): in this kind of polymermatonly a molecule of multifunction
agentis present for eacmacromolecule; the amount of multifunctional agenes ir
this way the number of macromolecules that is fbsso form.The tigher the number
of macromolecules, théower the number of monomers that can react folingles

macromolecule, lowering the average molecular we

1.4 +
—160S5

1.2 4
— 2555

14 ——460S

04 -

Marmalized Uy adsorbance

0.2 -

O 1 I I I I 1

1.8 2 2.2 2.4 2.6 2.8 3
0.2 - Titne s % 10007

Figure 49: SEC curves oolymers containing POSS
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Rheological data of synthesized polymers confirm $tar shaped architecture of the
macromolecule, with a viscosity lower than the afiehe linear nylon 6 for all the

polymers: this effect of higher fluidity for a stahaped macromolecule is due to the
average length of its branches that is lower thanchain length of the linear one. With
the same molecular weight, in fact, the viscosityhe melt polymer is determined by
the flow of a macromolecule on another; this flasveasier when the length of the
macromolecular chains decreases because the lamgethe chains, the higher the

probability to form nodes (entanglements) thatease the viscosity.

== Nylon 6 std

— 160 POSS
255 POSS

= 460 POSS

1 t } } } } } }

3 E] 3 E] 3 3
o 510 I 1510 M 25-10 a1 s 1w
mt —

Figure 50: Rheological curves of polymers contajrifOSS

Another data is the decrease of the viscosity wireasing the amount of
multifunctional agent in the feeding. This decreaseaused by the lowering of the

molecular weight already discussed in the anabysS&EC data.
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Regarding the thermal properties of the materi2SC analysis have been performed
with the following results:

Aexo

460 POSS, 21102010 11:14:22
460 POSS, 60000 mg

Lab: Hermes STAR® SW 9.00

Figure 51: DSC curves of polymers containing POSS

Polymer Tm (°C) Normalized AHm (J/g)
Nylon 6 std 222.7 -42.21

460 S 219.53 -53.95

255 S 211.54 -54.43

160 S 210.19 -56.67

Table 18: DSC data on polymers containing POSS

Data confirm the increase of crystalline fractionthe polymer, caused by the presence
of the star architecture, while the decrease ofntlelting temperature is caused by the
formation of disordered lattices.
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Results obtained usingiBHT as multifunctional agen

Polymeric materials synthesized using HBHT as runltitional agent give the results

molecular weight and terminal groups titration presd in the following tab:

MMorm alized LW adsorbance

Also in this case the star shaped molecular arctoite is confirmed by the high amot

of amino terminal groups in comparison with thebcawylic onesby the low value of

polydispersity.

The molecular weigt of these polymers decreases increasing th amount of

multifunctional agent; moreover all these matertedse a molecular weight lower th

Tirme (s x 10007

in the case of POS&ntainingmaterials.
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Sample Mp d -NH; meg/Kg -COOH meqg/Kg
460 B 4177 1.53 514 54
255 B 535( 1.83 313 48
160B 883: 1.68 191 31

Table 19: SEC and titration data on polymers dairtg HBHT
1,2 -
— 160 HBHT

1 -

0,8 1 — 255 HBHT
0,6 A — 460 11311
0,4 -
0,2 -

0 T T T T T T -1

1]o 2,3 2,5 2,7 2,9 3,1 3,3 3,5
-0,2 -

Figure 52: SEC curves of polymers containing Ht




Rheological analysis evidences that the viscostigrehses in decreasing the molecular
weight of the material and, consequently, in insieg the amount of amino terminal

groups.

I T R T O — Nylon 6 std
A A — 160 HBHT
SRR 255 HBHT

i T A B S R R R — 460 HBHT

1 t t t t t t t t t t t t t

[} 1 1 1 1 1 1 1 1 1 1 1 1

o 510 10 150 240 2,50 30 350 410 4510 510 5510 610 min 710
Timé —»

Figure 53: Rheological curves of polymers contajrttBHT

Moreover all the values of viscosity measured h@ste materials are lower than standard

polyamide 6, corresponding to their molecular aettture.

This characteristics, inherent of our materialsadke to the necessity to find an
equilibrium that can be considered acceptable at itidustrial level, between the
necessity to obtain polymers with high amount ofirenmterminal groups (to bond an
high amount of flame retardant) and the fluiditysad both by the star architecture and

the low molecular weight.
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Regarding the thermal behavior of these materibis, the Differential Scansic

Calorimetry (DSC) data on crystallinity and melhbeior have been collectt

Nylon 6 st 222.7 42.21
460 B 215.9 62.0Z
255B 218.9 60.21
160 B 220.1 58.4¢

Table 20: DSC data on polymers containing HE

Data in the table show tHowering of the melting temperaturgher increasing the
amount of multifunctional agent inserted, and therease of the enthalpy of fusifor
star shaped molecules, higher than in standard FAr @ll our materials anthat

increases wheimcreasing the amount of multifunctional agent ited

Tm Allm
224 40 + . .
222 ////‘ 45
220 v -50

/r/
218 e 55
216 .// 60 ‘___,__.___,
214 L L I | ; 65

460 255 160  PA6 460 255 16C  PA6

Figure 54: Melting temperature and enthalpy ofdasn polymers containing HBF
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The enthalpy of fusion indicates the amount of gpexdsorbed by the melting of the
crystalline fraction; if lattices are composed hg same repetitive units, as in our case,

its value is proportional to the amount of crystelfraction of the polymer.

fexo

0 D50 1Mo 150 100 150 200 NS0 200 250 200 2SO 200 N0 2400 M0 K0 XG0 M0 W M0

A M6 s 350 32 34 W6 BE 60 62 4 %6 6e W0 F2 ¥4 e 3

Lab: Hermes STAR® SW 9.00

Figure 55: Melting peaks in polymers containing HBH

In conclusion we can state that these polymersreme@ crystalline than standard PA 6;

this property is due to two factors:

- The multifunctional agent acts as nucleant ageat ginomotes the crystallization
process

- Star architecture causes a lower dimension of tlEromolecular chains and,
consequently a lower viscosity (as evidenced intteatment of rheological data),
that means more simplicity in the movement of thaics and in the formation of the

lattices

On the other side, the presence of an high amdumiceant agent creates an irregular
crystalline phase and this is the explication f@ bbwering of the melting temperature.
In fact a lower temperature is enough to meltdattismaller and irregular in comparison

with the ones formed in the linear macromolecule.
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Comparison POSS HBHT

Even if the values of molecular weight obtained by the S&tlysis cannot e
consideredvaluable for the value of ,, obtainedin the case of the evaluation of s
shaped molecules, they can be considered indesatnvthe cas of internal compariso

between two polymers with the same architect

Retention times measured for the materials comgiffOSS indicate that they he
higher molecular weight than the ones obtained WiBHT. As example in th
following figure are eported SEC curves for materials with 460 mec,/kg, obtained
with HBHT and POSS.

1.2

1 4 =460 SILANE

——460HBHT
0.8 -

0.2 4

Mo alized LW arlsnrbanee
=}
(23]
1

2000 2500 3000 3500
0.2 - Time(s)

Figure 56: SEC curves of polymers obtained in presef HBHT and PO<

Also in this case the difference in the moleculaight is relatedto the number of
multifunctional agentspresent that causes the variation in the moleculaight.
However in this case the analygives another importamhformation: if obtaining the
same amount of terminal groups of the material éigholecular weiht is obtained, it

means that an higher number of branches is presethie multifunctional agei
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The result indicates that POSS is a molecule withgerage functionality higher than 6,
that permits to obtain an higher number of N¥ith the same molecular weight (or an

higher value of molecular weight with the same antai NH, terminal groups).

Is not possible to define precisely the value iofthe case of the POSS because:

- The condensation process leads to a mixture of mptructures where the
formation is controlled by the statistic and thentner of the variables are too high to
define the final composition.

- Program used to develop mathematical models is tabfgedict the behavior of a
step polymerization in the case of the insertiom ofiultifunctional agent with<€ 6.
The increase of the value of f creates an increafsehe difficulty of the

polymerization that need an improvement of the rhode
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Polymers obtained in presence of benzoic acid

As previously explained, the insertion of CEPP Il fpolymerization process of a
polyamide correspond to the insertion of a moledhk works as a monofunctional

chain ender, because the second acid group (theppimic one) isn’t able to give stable
bonds in polymerization conditions. To evaluate heavior of CEPP molecule during

the polymerization it has been decided to studthéogeneral copolymerization system
using our multifunctional agents in presence of @nafunctional acid molecule, that

works as chain ender. Benzoic acid has been ctsisea it is monofunctional, stabile in

polymerization conditions, and for the presencethaf benzoic groups, as the CEPP
molecule.

Polymers containing benzoic acid have been oldasdding the same amount of
multifunctional agent than in the previous seriaad an amount of benzoic acid

covering the unbalancement of the amino terminaligs.

@ NH2 terminal group
Benzoic acid

Figure 57: Use of benzoic acid as chain ender

The goal is to obtain macromolecules with the $tmgc represented in the figure;
obviously the result of the copolymerization is &tore of structures that go from the
linear macromolecule to the star shaping one with haximum number of branches,
passing through all the intermediates.

This kind of copolymerization have an high numbérvariable and its prediction

through the use of mathematical model is not ptessib
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Polymers obtained with POSS and benzoic acid

In the following table are reported the data on 8t&C and titration analysis for this

series of polymer:

Sample Mnp d Terminal NH2| Terminal
COOH
460 SB 5154 2.28 100 70
255 SB 13133 2.23 32 45
160 SB 12030 2.10 32 47

Table 21: SEC and titration data on polymers daitg HBHT

The tendency of the molecular weight of these pelyms similar to the one obtained in
absence of the benzoic acid: increasing the amaiuchain regulator (in this case both
mono- and multi-functional) the molecular weightidsases. However in this series the

presence of the chain ender promotes the formaifospecies with low molecular

weight, that lead to an increase of the polymeidgpersity.
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Figure 58: SEC curves of polymers containing PO&ERBenzoic Acid

Moreover the formation of species with low molecweeight is proportional to the

amount of chain regulator inserted, and the valupotidispersity increases following

the same tendency.
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Rheological analysis of these materials shows viscagslues slightly lower than th

ones ofmaterials obtained in absence of chain ender;dhigirms that these materic

maintain the star shaped architecture and thaptésence of the chain ender caus

decrease in the molecular weight, that leads t«values of viscosit'

— 160 POSS + BENZ. ACID
255 POSS + BENZ. ACID
= 460 POSS + BENZ. ACID

== Nylon 6 std

mn 1D

¥l B B

1

MO

| T R—

Figure 59: Rheological data of polymers contaif@SS and Benzoic Ac
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In the following table data on thermal propertiesestigatecthrough DSC analysis a

reported:
Sample Tm (°C) AHmM norm (J/g)
Nylon 6 std 222.7 -42.21
460 SB 212.8 -48.54
255 SB 216.5 -46.26
160 SB 218.0 -45.16

Table 22: DSC data on polymers containing POSSBamzoic Acic
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Figure 60: Melting temperature and enthalpy ofdasn polymers containing POSS and Benzoic

In this series, the presence of the benzoic aatilidis the crystallization process of
polymeric material since the elimination of gap in the crystallization degree betw:

the standard 6 polyamide and our star shaped poty

However these polymers result slightly more crystalthan the standard polyamide

andtheir crystallinity increases increasing the amount of chairggator
At the same timencreasing the amount of chain regulator, a deeredshe melting

temperature is registered, caused by the inseofiam higher amount of molecules tl

disturb the chain regularii
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Polymers obtained wittHBHT and benzoic acid

In the following table data on molecular weight atitdation of terminal groups ai

reported:
Sample Mn d Terminal NH2 Terminal
COOH
460 BB 3457 1.53 60 44
255 BB 480: 1.62 49 43
160 BB 681: 1.76 45 35
Table 23: SEC anTitration data on polymers containing HBHT and BanZcid
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Figure 61: SEC curves of polymers containing HBHi@l 8enzoic aci

Also in this case the increase of the amount of chajnlator preser in the polymer,
causes the diminution of its molecular weight. Hegrein this case there isn't tl

increase of polydispersity registered for the paysnwith POSS and benzoic a
Rheological analysis show a tendency already obdemethe other sees, with a

decrease of the viscosity in increasing the amotimultifunctional agent inserted anc

value of viscosity lower than the corresping material obtained without chain enc
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In the following tabledata registered by DSC analy are reported:

Sample Tm (°C) AHmM norm (J/g)
Nylon 6 st 222.7 -42.21

460 BB 212.2 -53.47

255 BB 216.4 -52.93

160 BB 218.8 -51.63

Table 24: DSC data on polymers containing HBHT Bedzoic Acic
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Figure62: Melting temperature and enthalpy of fusion dymers containing HBHT and Benzoic &

As evidenced in therigures that reports the behavior of melting temperatanel
enthalpy, polymers obtained with HBHT and benzai dnave an higher crystality
than nylon 6 and polymers obtained with POSS amddie acid; this means that the 1
of a multifunctional agent with a structure neathe one of the nylon gives an higher

regularity and a high degree of crystallir

The melting temperaturesecreases in increasing the amount of chain regudatan all

other series.
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Treatment of the results obtained in the polymemntaining benzoic aci

As in the polymers obtained using only the multdtonal agent, also using benz
acid as chairender the polymers containing POSS have higher qulale weight that

the ones containing HBHTM,, value for the two series are reported in the foifge

table):
Polymer M without benzoic acid M, with benzoic acic
460 S 15307 5154
255 S 15908 13133
160 S 25493 12030
460 B 4177 3457
255 B 5350 4803
160B 8832 6812

Table 25: Mn data on polymers containing anc-containing Benzoic Aci

The presence of benzoic acid causes a loss of wtigh is registered for each s
shaped polymer. In the followinfigure is reported the diminution of the molecu

weight in the polymer 255 BB in comparison with 25!

MNormalized LW adzoriance

0.2

Timels x 10000

3.3

Figure 63: SEC curve @olymers with 255 meq Ny/kg by HBHT containing or not Benzoic a

Polymers containig benzoic acid show also lower viscosity in rheaabanalysis

while a lower crystalline fraction is evidencedthg DSC
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Polymers obtained in presence of CEPP

In the third phase of this work, CEPP has been asechain ender in copolymerization

with star shaped nylon 6 with characteristics thated in previous paragraphs.
In this case the polymeric materials are obtaineth whe same amounts of the 2

multifunctional agents presented, and the amouatraho terminal groups obtained has

been balanced with CEPP.

Polymers obtained using POSS and CEPP

Data of molecular weight and terminal groups aiected in the following table:

Sample Mnp d Terminal Terminal Terminal
NH2 COOH POOH
460 SC 3916 2,82 180 185 316
255 SC 5140 2,87 120 115 185
160 SC 5869 2,87 95 92 127

Table 26: SEC and Titration data on polymers caimigiPOSS and CEPP

In this series, molecular weight is for all materibower than the corresponding ones
synthesized in presence of benzoic acid; the deerefithe molecular weight means that
not only CEPP works as a monofunctional chain ebdérlso that its presence disturbs

the polymerization process.

139



Moreover, in theconsidere series, a peculianteraction between the multifunctior
agent and the chain ender is evidenced throug®bEt analysis of these polymers (:

figure)
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Figure 64: SEC curves of polymers containing POSSGEPI

Analyzing the figure itis possible to see that low molecular weight sgedorm &
second peak that decreases in molecular weigltit {shthe right side of the graph) a
increases in the amount (increasing inweightof the peak) in increasing the amc
of chain regulator present. Regarding the main @eskift to lower molecular weight

obtained in increasing the amount of chain regulatesent, as in all other ser

Regarding rheological analysis, in this case (anty an this on, considering all
materials tested) an increase of the viscosityhef material during the analysis
registered, caused by a reaction of the terminaligg of the polymeric matericThis
reactivity leadsto a crosslinking phenoment« the polymer extracted after rheologi

analysis is not soluble, but is foanr
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- Nylon 6 std

160 POSS + CEPP
= 255 POSS + CEPP
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Figure 65: Rheological data of polymers contairif@SS and CEPP

This phenomenon is attributed to the reaction absphinic terminal groups of the
CEPP, with the unreacted groups of the POSS.

As explained at the beginning of the chapter, t&&8 is a product obtained by partial
self condensation of 3 amino propyl triethoxy sdathat contains ethoxyl or hydroxyl
groups. Even if the CEPP can be considered as afonwtional chain ender regarding
the formation of an amidic bond, in the case offrfation of ester bonds the CEPP works

as difunctional chain extender.

This crosslinking reaction doesn’t occur during fh@ymerization because reactive
groups are diluted in an high amount of unreactgntalactam and cyclic olygomers, but
during rheological analysis, the polymer has beash&d (therefore has not caprolactam

left) and the remaining part has the possibilitygact.
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In the following table data obtained through DS@lgsis are reporte

Polymer Tm (°C) AHm (J/g
Nylon 6 std 2227 -42,2
460 SC 2114 -46,1
255 SC 2140 -42,0
160 SC 216,5 -47,4

Table27: DSC data on polymers containing POSS and (
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Figure 66: DSC data of polymers containing POSSGIEEF

In this case the highebtvel in the crystallization disturb is registerede enthalpy o
fusion values are comparable with the one of theai polymer, showing that tl
insertion of the CEEP in the presence of n-ordered multifunctional agent cancels

increase of cryallinity typical of the star shaped macromolecu

In this series are also registered the lower ngltiemperatures of all materiz

synthesized; Tnadecreass byincreasing the amount of chain regulator in theemiait
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Polymers obtained usinHBHT and CEPP

Data obtained through SEC analysis and potentiecrté@tation are reporte:

Sample M d Terminal Terminal Terminal
NH2 COOH POOH
460 BC 2610 1,65 138 132 315
260 BC 3501 1,76 93 91 176
160 BC 4185 1,89 72 66 133

Table 28: SEC anTitration data on polymers containing HBHT and C

Also in this case a decrease of the moleculaght whenincreasing the amount of che
regulator is registered a, in general, the molecular weight obtained is lowamn the

one measured in presence of a classical chain esd®nzoic aci
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Figure 67: SEC curves of polymers containing HBH@ £EPI

However properties registered for this series agldr regular than the ors obtained
using POSS as multifunctional agent. In this caseeti: noformation of a second pei
during the SEC analysis, and the polydispersityuedk lower than 2, as the thec
express for star shaped molec
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Regarding rheological analysis, in these samplkagtefollow the tendency registered in
all other series (except for the series contai@$S and CEPP), with a decrease of the
viscosity when increasing the amount of chain raguland lower than corresponding

material obtained using benzoic acid as chain ender

In the following table data obtained by DSC analysie reported:

Polymer Tm (°C) AHmM (J/g)

Nylon 6 std 2227 -42,2
460 BC 208,7 -52,0
255 BC 215,2 -58,1
160 BC 215,0 -56,6

Table 29: DSC data on polymers containing HBHT @&dPP
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Figure 68: DSC data on polymers containing HBHT @&dPP

Also in this case a disturb in the crystallizatadrthe polymer is registered, obtrained by
the insertion of a bulky comonomer. In this case ¢hystallinity percentage is higher
than in the PA 6, because the amount of CEPP ewéstnot high enough to cancel the
crystallinity effect of star shape architecturetlie multifunctional agent is regular
molecule as HBHT (in contraposition with data obéal in the use of POSS); however it
is not possible to find a regular correlation beswehermal properties and amount of

chain ender inserted.
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Titration of terminal groups of CEPP- containing ntarials

A peculiar feature of materials containing CEPEh& impossibility, during the titration
analysis, to measure all the phosphinic groups. aheunt of CEPP contained in the
material is obtained through the titration of phaspc terminal groups, that because
their higher acidity, have a peculiar peak of titm, different from the one of the

carboxylic ones.

However the amount of CEPP measured, calculataddas the titration of phosphinic
groups, is really lower than the one inserted dad #han the one detected by NMR

spectrometry.

After different tests the problem has been idesdifas the salification of phosphinic
groups with the terminal ones of the material; sasification is maintained in titration
conditions and makes the POOH group inaccessibteédiNaOH used as titrant. On the
other side it is possible do detect the amountha terminal groups using HCI.

The result is that the amount of real POOH grougrdained is obtainable by the sum of
amino and POOH terminal groups measured. Followlig procedure correspondence
between titration data and NMR analysis has beendo
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Through the titration important data have been iobth regarding the amount of
monofunctional chain ender effectively bonded te thaterial. This data is important
both on the academic side of the work and on tlaetjwe of the material obtained: it
results in fact that in the materials obtained byatymerization in presence of HBHT or

POSS the same amount of CEPP is found.

The two series of materials are very different rdga molecular weight, its

distribution, appearance, thermal properties, hatamount of CEPP contained is the

same.

m POSS
m HBHT

460 - c =/

255-C 160 C

FOOH groups (meg/kg)

Figure 69: Titration data on polymers containingRBE

This is one of the most important results obtaimedhis work, since the level of
insertion of the molecule that leads the flamerdatat property, is linked only to the
amount of amino and acid terminal groups insertednd the feeding phase, a value

easily controlled by the producer.
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Conclusions

In conclusion from the data obtained in all synthes materials, it is possible to affirm
that:

- POSS is a multifunctional agent that leads to highelecular weight than HBHT,
and in the point of view to obtain the best compe@Tbetween the insertion of an
high amount of CEPP and the maintaining an highemdar weight, the use of this

kind of multifunctional agent is very important.

- POSS is an only partially reacted material, that is@ct during the polymerization
and the manufacture phases giving a behavior thiat be defined according to the

time and temperature of the processes.

- HBHT is a multifunctional agent that leads to lowablecular weights but with
higher reliability, maintaining the expected beloavn all polymers synthesized.

- HBHT leads to materials with higher crystallinityes if used in presence on

comonomers having a benzene ring.

- Even if cristallinity increases by increasing thecant of multifunctional agent
inserted, this behavior is accompanied to a deeredshe melting temperature in
DSC analysis, meaning that the crystallinity isheigbut lattices are less regular in
comparison with standard nylon 6.

- CEPP behavior as monofunctional chain ender has demonstrated and also its

disturb in the polymerization process, becauseguifower molecular weight than
using benzoic acid has been reached.
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CHAPTER 10: Synthesis of
nanocomposites materials

through In situ
polymerization of nanofillers

with polyamide 6
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In the last decades, the research in polymer fiedde persecuted the research of
nanocomposites to obtain materials with new progert

In chapter 3, where the main classes of NHFR haea Ipresented, is underlined that the
insertion of nanodispersed mineral fillers is anpiging way to get flame retardant

properties in several research studies.

The basing idea on the use of a nanofiller in gmperic matrix is that the low dimension
and the high surface area of the particle permiister distribution in the material; the
result is a huge increment of desired properties fhost researched ones, using mineral
nanofillers, are impact resistance and flame retaey), in comparison with the insertion
of the same amount of a classical filler, becalre rntanodisperse one leads to more

homogenous and lighter materials with high properti

In this work we have studied the insertion througkitu polymerization of two kind of
nanofillers with very different shape e characterss focusing on the modification of
the surface area with the goal to increase the atibility between the polymeric matrix

(organic matter), and mineral nanofiller (inorgamatter).

149



Nanosilica

Nanosilica is an inorganic material composed byetwark of Si-O bonds, that is
organized in spherulites, with variable dimensiolhss a very porous material, and
controlling the synthesis phase, dimension andasarfarea of the particles can be

controlled.

@ siliciurm, 5i

O owygéne, O

Figure 70: Structure of nanosilica

The chosen material is a commercial product wittaegrage diameter of 20 nm and a
value of surface area of 600%iq The high value of surface area is the parantbsr

determined our choice.
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Montmorillonite

Montmorillonite is a clay material composed by ldareshaped particles; the chosen
product is a commercial material produced by Sautli@&ay, with the trade name of
Cloisite 154° . Is a mineral nanofiller composed by lamellae viit®® nm of width and

1 nm- thick. These lamellae are alternate with mmanium ion bonded to two methyl

groups and two aliphatic chains, according to trenfila:
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Figure 71: Ammonium ion in Cloisite 15°A

In this scheme “HT” is the acronym for “Hydrogertht€ail” and indicates a mix of

hydrogenated aliphatic chains composed 65% 3% G, 5% G4.

The presence of the ammonium ion favors the separaf the lamellae and increases
the surface area that is measured in 730gnwhile in the case of pure nanofiller
lamellae are strongly packed in aggregates and anlgtle part of their surface is

exposed.

The ammonium ion is a very important component e final material in the

commercial product and represents the 43% in weibit
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Differences in thermal degradation of two nanofilie

The two presented nanofillers are very differenthemical composition, shape, external
surface; considering that these materials aretedan the polymeric matrix to increase
the flame retardant properties, their behavior larrmal degradation has been
investigated through TGA analysis.

Curves of loss of weight during temperature scamf50 to 700°C at the rate of
20°C/min and in nitrogen atmosphere are presentedtfe two materials in the

following figure:
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Figure 72: Thermal degradation of cloisite 15 (ded curve) and nanosilica (blue curve)

As evidenced, nanosilica (blue curve) given ity to adsorb water, has as loss of
weight (the loss of water adsorbed) registeredraperatures between 50 and 200°C and
guantified in 12% of the total weight.

Regarding Montmorillonite (red curve), it preseratsiower weight owed to water
adsorption (1,8% of the total weight of the maitgnehile the higher loss of weight is
registered around 400°C and is quantified in 40%otdl weight. This phenomenon is

due to the loss of ammonium ion inserted in theenmat

152



Surface modification of nanofillers

The insertion of a mineral filler (inorganic majter a polymeric matrix (organic matter)
leads problem of compatibility that can cause é$fexf aggregation of the filler: the
filler, that has poor interaction with the matrig,not well dispersed, and the advantage
to use a material with nanometric dimension is eded.

A possible solution for a better interaction betwége matrix and the filler is the use of
an hybrid (organic/inorganic) molecule (in our casesilane) able to give a better
compatibility both with the filler and the matrix.

The effect of a combatibilization process obtainsthg a silane is appreciable in the
following figure:

Figure 73: Effect of the graft on glass fiber in@A

On the left is possible to see the incompatibilitgh a glass filler and a polyamidic
matrix, while in the right figure the effect of these of a silane on glass fiber is
presented.
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Three silanes have been chosen, to evaluate tbet @ff a graft that interacts with the

polymeric matrix following three different path:

EtO_
EtDjSiMNHz

EtC

EtO
Et0— i~

ke O

MeO -Si
G-I,

3- amino-propyl -(triethoxy) silane (it will be
indicate as NHkisilane) . The organic portion of
this molecule can react with the polymeric

matrix during the in situ polymerization.

Methyl-(triethoxy) silane (it will be indicate as
Me silane). The use of this silane causes a
covering of the filler with a low amount of
organic matter for molecule, a low idrofobicity
of the graft and no possibility of chemical

reaction with the polymeric matrix.

Hexadecyl (trimetoxy) silane (in it will be
indicate as silane g). The use of this silane
causes a covering with an high amount of
organic matter, no possibility of reaction with
the polymeric matrix and higher

hydrophobicity.
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The grafting process is performed through a cormtesreaction of the silane with the
OH terminal groups of the filler, following the iet@n:

— OH —0._
oA Et0 —07’SimNHz
t
— M+ EBO—siT~"TNH, ——= O .
— OH Ft (i —OH
—UH —OIH SEtOH

Figure 74: Grafting reaction

The reaction is conduced adding the silane drogrbp to a suspension of the nanofiller
in organic solvent. When the addition is terminatdg mixture is maintained under

stirring at room temperature for 4 hours. Afteistiime silane and solvent are distilled,
first under atmospheric pressure, then under hggluwm. During the last phase also the
unreacted silane is taken away, and no other patifin phases are required.

Samples of modified nanofillers are presented antéile:

Clay Name Silane used % in weight (*)
Nanosilice
Cloisite 15 A
Nanosilice 2% NH NH, 2
Nanosilice 7.5% NH NH, 7.5
Nanosilice 15% NH NH, 15
Nanosilice 35% NH NH, 35
Nanosilice 100% Nkl NH, 100
Cloisite 2% NH NH, 2
Cloisite 7.5% NH NH, 7.5
Cloisite 15% NH NH, 15
Cloisite 35% NH NH, 35
Cloisite 20% Me Me 20
Cloisite 40% Me Me 40
Cloisite 10% Gg Cis 10
Cloisite 20% Gg Cis 20

Table 30: Nanofillers prepared through surface fiation
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The weight percentage presented in the table isuned as reacted, and bonded to the
filler, silane; this value is very different frorhd one of unreacted silane inserted in the
feeding phase and the difference increases in dsiag the weight of the silane, as

shown in the following table:

Silane Molecular Weight Molecular Weight Loss of weight (%)
unreacted reacted
Me 178.1 43.1 75.8
-NH, 221.1 86.1 61,0
Cis 402.4 303.4 24.6

Table 31: Loss of weight of silane molecules afi&fting reaction

Moreover the surface interested by the graft iateel to the density of OH groups that
reacts with silane at the surface of the fillegréfore data on the grafting process need

to be based on the molar amount of graft inserted.

The need to work with data functional for an insdroomparison (so expressed in molar
amount) and comparable with published in literatexpressed in weight of
silane/weight of final material) lead to the dearsio present all data as weight of amino

silane reacted.

Regarding the grafting process with amino silahe, amount effectively bond to the
filler can be measured through titration of the monierminal groups. The analysis gives
a value of meq NHthat, through multiplication for the value of molgar weight of the

reacted silane, can lead to the amount of bondiaidesi
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Both nanosilice and Montmorillonite have been g with 4 different amouis of
amino silane. Results in titration of these naferfl is reported in the following tab

Sample % silane | meq NHy/kg meq NH/kg % Silane
NH» theo. meas. meas.
Nanosilice 2%NH 1.96 236 148 1.22
Cloisite 2%NH 1.96 236 241 2.00
Nanosilice 7.5%Nbl 6.98 840 671 5.56
Cloisite 7.5%NH 6.98 840 485 4.02
Nanosilice 15%NHl 13.04 1571 1287 10.68
Cloisite 15%NH 13.04 1571 942 7.81
Nanosilice 35%NHhl 25.93 3124 2447 20.31
Cloisite 35% NH 25.93 3124 3053 25.33

Table 32: Nanofillers prepared through surface fiation
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Figure 75: Amount of silane grafted measured lgttir

The results show a better regularity in the resuittgined for the graft of nanosilica:
this case, in fact, the percentage of measured gnathe theoretical value decrease
increasing the amount inserted. Is not possibletba tendency in tt case of the graft
with Montmorillonite, because thhighestvalues are registered in the case of

maximum and the minimum amount of silane inse
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The effect of the graft on the thermal degradatio the filler

As already shown, Montmorillonite and nanosilicad@wo different behaviors during
the analysis of thermal degradation. In this paaplgr differences in this behavior

associated to the presence of the graft on thasuidrea of the filler are investigated.

The effect of the graft with amino silane on thasloof weight of the nanosilica is
presented in the following graph: the red one & d¢hrve of the loss of weight of the

pure nanosilica; the other ones are relative téiegananosilica.

— Pure Nanosilica

/)

w | — Nanosilica 2% NH
g \ == Nanosilica 7.5% Nk
= \ . == Nanosilica 15% Nk
lll g
= *\\ — Nanosilica 35% Nk
T ——
\
\
\
\_\

Temperature [ *C)

Figure 76: Effect on the graft of the loss of weahive of the nanosilica

Differences in the behavior of the grafted nanocailre placed in 2 region of the graph:

- The first difference in the grafted silane is tleekase of water adsorption that leads
to a lower loss of weight in the left part of theagh. Therefore the presence of a
graft even if having polar terminal group prevetties water adsorption typical of this
filler.

- The second difference is registered at high tentpess, where there is an higher
loss of weigh for grafted nanosilica than the puwme. This loss of weight
corresponds to the degradation of the graft anegkases when increasing the amount
of grafted silane.

158



Regarding the loss of weight registered for graftedntmorillonite, results ar
rationalized considering two transitions: the oagistered under 200°C, related to
loss of the adsorbed water, and the one regisi@re0'C that interests the thern

degradation of the ammonium i

The following table contains the values registemdaring the analysis of pu

montmorillonite and of the grafted on

Cloisite Prepared| % Water Adsorbed| % loss of weight at 400°C
Pure Cloisite 15 / 1.8 32

Cloisite 2% NH2 1.3 26.3

Cloisite 7,5% NHZ 1.4 25

Cloisite 15% NHZ 3 21.9

Cloisite 35% NHZ 5.6 20.1

Cloisite 20 % Me 15 29.8

Cloisite 40% Me 1.3 25.1

Cloisite 10 % C16 1.0 20.0

Cloisite 20 % C16 0.7 15.1

Table 32: Results in TGA analysis of modified moatithonites

Water Adsorpion

—  PureCloisite

== Cloisite NH, grafted
=—  Cloisite Me grafte
= Cloisite (34 grafted

Figure 77: Effect on the graft on the water adsorpdf monmorillonite
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Regardingwater adsorption, two different tendencies aresteged: in the case of tl
graft with amino silanethe value of water adsorbed decreases for low ats of silane
inserted and increases in the case of hmount (indicatively after th10% by weight

of reacted amino silane).

Regarding the graft with methyl silane an,¢ silane, the presence of the graft caus
decrease of the water adsorption thehigher, higher the amount and the dimensior

silane grafted.

% Loss of Weight at 400°C

== Pure Cloisite

= Cloisite NH, grafted
== Cloisite Me grafted
—  Cloisite Gg grafted

Figure 78: Effect on the graft on the intercaled degradation in montmorilloni

Regarding the loss of weight at 400°C that is cdusethe thermal degradation of t
interstitial ion,the silanes seem slow it, independently by the natuof the silane used.

Moreover,increasing the amount of silane inserted, a sldogsr of weight is registere
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As example, in the following figure, are reportedn@s on the loss of weight for
montmorillonite containing the 10 and 20% in weigfhsilane Ggin comparison with

pure montmorillonite:

20% silane Cyg

10%% silane Cyg

Wl ghit (%)
/’

rd
\ \
7“ ‘g\\\ /
) Pure Cloisite v\ /

’ \ ]
309
4181 100 200 300 400 500 600 700 800 8220

Temperature ["C)

Figure 79: Effect of the graft with different amdwrf Cy¢ silane of TGA of montmorillonite

In the figure is possible to see that grafted illare more stable since loss of molecular
weight occurs at higher temperature. At the endnaflysis an higher loss of weight is
registered for grafted fillers because it compriats the thermal degradation of the

graft.
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XRD analysis of grafted montmorillonite

In the case of montmorillonite it is possible tcaksate the effect of the graft on the

diffraction properties of the material.

The starting point is the XRD analysis performedtmmpure Cloisite 15 A.
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Figure 80: XRD analysis on pure Cloisite 18A

The analysis shows the presence of the main pe2®atnd a series of peak with lower

intensity, around the principal one.

The graft with low dimension silanes, as the me#ilgne, doesn’t cause variation in the
resulting diffractogram. Moreover there are nomngigant variations if the amount of

inserted silane is increased:

ttttttttttttttttt
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Figure 81: XRD analysis on montmotillonite modifiaith 20% (left) and 40% (right) of methyl
silane
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In the case of insertion of a silane with mediumelision (as the amino silane) an effect
on the property of diffraction of the final matdria observed: the loss of regularity in
the crystalline order leads to a widening of thempeeak and the diminution of intensity

in the secondary ones:

Ep et ater medy ey
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e
;

Figure 82: XRD analysis on montmotillonite modifieith 7.5% (left), 15% (middle) and 35% (right) of
amino silan

This effect increases in increasing the amounhgéited silane. In the case of graft with
a silane with high dimension (in our casg; €ilane), the effect on the XRD analysis is
more evident. Secondary peaks disappear and neandin peak appears a second one
that, in the case of graft with 20% of&ilane, reaches the same intensity of the main
one:

Figure 83: XRD analysis on montmotillonite modifieith 10% (left) and 20% (right) of & silane

In this case the used silane have a dimension cailgato the one of the aliphatic
chains bonded to the ammonium ion that is placéddsn two lamellae.

The hypothesis for the changing of the x-ray ddfien is the insertion of the silane in
the internal part, between two lamellae, resultinga different interaction with the

intarcaled ion that causes the variation in intadHar distance.
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Synthesis of nanocomposites obtained by in situpodrization of
nanosilica with polyamide 6

As presented in previous paragraphs, a seriesrafsiiecas with 4 different amounts of
grafted amino silane have been prepared. The stachanocomposite materials consists
in the synthesis of 3 materials containing 1 2 a#dof each nanosilica, according to the

following table:

Amount of Nanosilica (%)

Polymer Pure 2% NH, | 7,5% NHz| 15% NH> | 35%NH,
Nylon 6
1%N 1
2%N 2
5%N 5
1%N-2NH, 1
2%N-2NH, 2
5%N-2NH, 5
1%N-7,5NH, 1
2%N-7,5NH, 2
5%N-7,5NH 5
1%N-15NH, 1
2%N-15NH, 2
5%N-15NH, 5
1%N-35NH, 1
2%N-35NH, 2
5%N-35NH, 5

Table 33: Nanocomposites synthesized in presentbsilica

In the following pages results obtained in the enésd materials will be explained.
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The DSC ofnhanocomposits containing nanosilica

In chapter 9 the effect of the insertion extraneous elenmés in the macromolecul
chain haseen presented. In this case effects obtainedearttstallinity of the materie
through the insertion of a nanofiller are investigt

As example in the following figure are reportedvas obtained by DSC analysis
nanocomposites obtained by thsertion of 12 and 5% of pure nanosilica, values of

andAHm are evidenced in the tat
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Figure 84: DSC curves of nanocomposited contaipimg nanosilic

Polymer Tm (°C) AHmM (J/g)

PA 6 STLC 219.0 48.€
1%N 220.8 54.%
2%N 219.2 56.€
5%N 219.3 52.¢

Table 34: DSC data on hanocomposites containing panosilic

As evidenced by reported data, the nanofiller waksucleting agent, because all tl
composites materials have a value of enthe of fusion higher than pure PA
Moreover the presence of the external agent doesiurb the crystallization proce:

Tm is the same for pure PA 6 and the compo:
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SEC analysis ofompositescontaining nanosilica

SECanalysis of a nanocomposmaterial is a very delicate analysis. The insertioa
column of the filler, ever if dispersed at nanometric levetan compromise th
chromatographic apparatus, because it is a sditration under pressure of a matet
than can organize itself aggregates able to obstruct the pores of the gbt:

Analysis have been performed on samples dissolmethe chromatographic mobi
phase, and previousHhitered with filters having pore dimensioaf 0,25um diameter;
this step permits tavoid problems for the columns but can ex@usbme species by tl
detection, because a fraction of the polymer, bdrideghe filler can remain on the filt
and consequently not analyz

The SEC analysis of these materevidences main behavior of this ass of materials:

1. Nanocomposites materials obtained by in situ polyragon of modified nanosilic
present a curve similar than pure PA 6. This dat#iens that the presence of t

nanosilica doesn’t disturb the polymerization pssx

Mormalized LV aczorlbance

Time(s)

Figure 85:SEC curves of nanocomposites containing pure nkiceo$l and 2%) compared wi
pure PA
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2. The insertion of nanosilica with high amount offtgd silane causes a variatiof the
shape of the peak, also if the molecular weightasntained similaro the one of pure
PAG6. This deformation of the pecan be explained kiye interaction betweethe

nanofiller bonded to the macromolecular chain dedchromatographic appara

0g
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04 A

02 1

rlormallzed L adsorbano

0
1?30 20¢ Tirme(s) 60| 4500
02

Figure 86: variation in main peak in SEC curvesafiocomposites containing grfted nanosi
compared with pure PA

3. In nanocompositenaterials obtained with an high amount of nanafi{&o), highei
amountsof monomer and olygomers are detected in the fimatlerial. Considerin
that all materials are subjected to the same wgspincess, this means that
presence of high amount of nanofillers rrs it harder for wateto penetrate and ¢
to remove monomr and olygomes. Thisresults can be considered a pi1 of the
improved barrier effect water permeation of the polymer in presence of igh
amount of nanofiller. In theollowing Figurean example is reported, that sis the

presence of the caprolam peak:

Tracciato SEC reale

g

PB20

—PB14

g

Mormalized LN adsorbance

00
1509 00 450000

Time(s)

Figure 87: Presence of the peak of caprolactanoliynpers with high amount of nanosili
compared with pure PA

167



Rheological properties of nanocomposites materiaith nanosilica

Rheological properties of nanocomposites matehale been investigated: in particular
the effect of the presence of different amountlahes have been considered.

Nanocomposites containing 1% of grafted nanosilica

'

== Pure PA6
= Ny 6 + 1% Pure Nanosilica
Ny 6 + 1% Nanosilica 2% NH
Ny 6 + 1% Nanosilica 7.5% NH
== Ny 6 + 1% Nanosilica 15% NH
== Ny 6 + 1% Nanosilica 35% NH

Ehenr Aahy — ™

oy .

Figure 88: Rheological curves of polymers contajrifb of nanosilica grafted

In the graph the effect obtained in comparison \pithe PA 6 (purple curve) is reported.
While at high shear rate values, the behaviornslar for all the materials but at low
values of shear rate the curve of standard nylda Balfway behavior between the
obtained with nanofillers without graft or with lowercentages (that have lower
viscosity) and the one of nanocomposites with hagiount of graft (that have higher

viscosity).
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Nanocomposites containing 2% of grafted nanosilica

Pure PAG6

Ny 6 + 2% Pure Nanosilica

Ny 6 + 2% Nanosilica 2% NH
Ny 6 + 2% Nanosilica 7.5% NH
Ny 6 + 2% Nanosilica 15% NH
Ny 6 + 2% Nanosilica 35% NH

Shazr F‘:h-.- i
Figure 89: Rheological curves of polymers contajri2fb of nanosilica grafted

In this case the behavior registered for the pres/series is confirmed. The same values
of viscosity are measured at high shear rate, whiléhe left part of the graph, the
viscosity increases for nanocomposites with higloams of graft, and decreases when

pure nanofiller, or low amount of graft are present
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Nanocomposites containing 5% of grafted nanosilica

Pa=

== Pure PAG
== Ny 6 + 5% Pure Nanosilica
Ny 6 + 5% Nanosilica 2% NH
Ny 6 + 5% Nanosilica 7.5% NH
=— Ny 6 + 5% Nanosilica 15% NH
== Ny 6 + 5% Nanosilica 35% NH

Shear Raty ™

Figure 90: Rheological curves of polymers contajri®bo of nanosilica grafted

In this case the high amount of nanofiller insertedises a peculiar effect in the
materials obtained. In particular nanofillers witiyh amount of graft have a viscosity
that is much lower than standard PA6. The reasamtise high amount of a species that
can work as multifunctional agent, causing the fation of star shaped molecule, that

causes a decrease of the melt viscosity, as explanchapter 9 for other materials.
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Synthesis of hanocomposites obtained by in sitwpwtrization of
montmorillonite with polyamide 6

The work on the nanocomposite materials contaimogified montmorillonite has been
performed synthesizing 3 polymers containing 1n@ 8% of each modified nanofiller,
as reported in following tables, the first one eams materials obtained with cloisite

modified with amino silane:

Amount of Montmorillonite (%)

Polymer Pure 2% NH, 7,5% NH, | 15% NH, | 35%NH,

Nylon 6

1%C 1

2%C 2

5%C 5

1%C-2NH, 1

2%C-2NH, 2

5%C-2NH, 5

1%C-7,5NH 1

2%C-7,5NH 2

5%C-7,5NH 5

1%C-15NH 1

2%C-15NH 2

5%C-15NH 5

1%C-35NH 1

2%C-35NH

5%C-35NH 5

Table 35: Nanocomposites synthesized in presenbtoomtorillonitre and 3 amino-propyl-silane
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The second one contains materials obtained stdirtmg cloisite modified with methyl
silane and silane :

Polymer 10% Cyg 20% Cy6 20% Me | 40%Me
Nylon 6

1%C-10 Gg 1

2%C-10 Gg 2

5%C-10 Gg 5

1%C-20 Gg 1

2%C-20 Gg 2

5%C-20 Gg S
1%C-20 Me 1
2%C-20 Me
5%C-20 Me 5
1%C-40 Me 1
2%C-40 Me 2
5%C-40 Me 5

Table 36: Nanocomposites synthesized in presendaomtorillonitre and methyl or £ silane

Through these synthesis both the effect of differgrafts and different amount of

nanofiller have been investigated.
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The analysis on the thermal behavior of nanocomgesithrough DSC

DSC curves obtained for nanocomposites materiafgesence of 1, 2 and 5% of pure
Cloisite 15A are reported in the following figurand data of melt temperature and

enthalpy of fusion are evidenced in the table:

Pure PAG6

Ny 6 + 1% Cloisite 15 A®
Ny 6 + 2% Cloisite 15 A®
Ny 6 + 5% Cloisite 15 A®

Nyon
Nyon

nan 1% CLO, 10.05.2010 1516:43
an 1% CLO, 8,210 mg

n6 2% CLO, 10.05.2010 172419
yin 6 2% CLO, 11,0000 mg

Integal 538,

ylon 6 + 5% CLO, 08.07.2010 15:49:01 D::z\“alzed 25031510710% !

on -+ 5% CLO, 11,000 mg Pesk 20505°C
Endset 27,01°C

L e e e
5 00 5 310 315 20 25 B0 B5 0 s 30 35 30 35 0 3,5 mi

Lab: Hermes STAR® SW 9.00

Figure 91: DSC curves of polymers containing pugatmorillonite

Polymer Tm (°C) AHmM (J/g)

PA 6 STD 219.0 -48.9
1%C 218.2 -48.7
2%C 217.0 -47.1
5%C 218.1 -53.5

Table 37: DSC data of nanocomposites obtained puite montmorillonite

Data show that neither crystallinity amount norulagty of the lattices is disturbed by
the presence of the montmorillonite. Values comiplarawith the ones of nylon 6

standard are registered for all the melting tentpees; regarding the value of enthalpy
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of fusion, only in the case of high amount of mootithonite (5%) a little improvement

IS registered.

In the case of the analysis of nanocomposites @sgirce of high amount of graft a
similar behavior is observed; in the following frguand table, curves and data obtained

by the DSC analysis of hanocomposites containingtmorillonite modified with 35%

of amino silane are reported:

Aexo

Nyon ianco, 07.05.2010 15:2:46
Nyion tianco, 9,7000 mg

Nylon 6 + 19(CLO +35% NHD), 04.11.2010 14:0%:11
Nylon 6 + 19(CLO +35% NH), 7,0000 mg

2785°C

Nylon 6 + 29(CLO +35% NH2) 04,11.2010 15:00:40
Nyon 6 + 25(CLO +35% NHJ), 13,7000 mg

Nyon 6 + 5%(CLO +35% NHD) 04.11.2010 15:46:12 Inegel 31

Nyon 6 + 5%(CLO +35% NHJ), 70000 mg nomalzed 44,38 Jg™1
Onset  031°C
Peak A710°C
Exset  2499°C

1063 m)

Lab: Hermes

STAR® SW 9.00

Pure PAG6

Ny 6 + 1% Cloisite 35% NH
Ny 6 + 2% Cloisite 35% NH
Ny 6 + 5% Cloisite 35% NH

Figure 92: DSC curves of polymers containing medifmonmorillonite

Polymer Tm (°C) AHmM (J/g)

PA 6 STD 219.0 -48.9
1%C-35NH 221.0 -49.2
2%C-35NH 221.5 -47.9
5%C-35NH 217.1 -44.4

Table 38: DSC data on nhanocomposites obtainedeisepice of montmorillonite grafted 35% w/w

amino silan

Also in this case the modification of the surfacgesh’t change the crystallization
process; similar values of melt temperature andhadpy of fusion are measured for
nanocomposites with 1% and 2% of highly modifiedntnaorillonite. In the case of the
use of 5% of montmorillonite an effect of disturbtioe crystallization is registered, with

a decrease both of the melting temperature andikytf fusion.
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Results in SEC analysis of nanocomposites contamimontmorillonite

Some of materialsynthesized have been analyzed through SEC chrgnagtoy, giving
valuesof molecular weight comparal to the one®f pure polyamide 6. In the followir
figures are reported some examples of curves aadampresence of 2% of cloisite w

different amount of graft in comparison with theeaf pure nylon ¢
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Figure 93: SEC curves of polymers containing Zf modified montmorillonite compared with P.

The result obtainedhows that the presence of the mineral nanofilbesd’t disturb th:
polymerization processJnfortunatel' an interference during the analysis between
chromatographic apparatus and some of the nanoctapmaterial was observed,

resulting inan increase of the column pres:

A manual filtrationof the samplehhasbeen tried but without succt and therefore the

series of analysis ha®t been complete
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Rheological analysis on nhanocomposites containingmmorillonites

Amino silane grafted montmorillonites

In the following graphs are reported curves obthifrem the rheological analysis of

nanocomposites containing the same amount of difter modified montmorillonites.

Nanocomposites with 1% of montmorillonite

"z

1
107

Pure PAG6
=— Ny 6 + 1% Pure Cloisite
= Ny 6 + 1% Cloisite 2% NH
Ny 6 + 1% Cloisite 7.5% NH
— Ny 6 + 1% Cloisite 15% N
== Ny 6 + 1% Cloisite 35% N

107

Angular Frequemey —w

Figure 94: Rheological curves of nanocompositger@sence of 1% montmorillonite grafted with
amino silan

In this series the behavior observed is an increéskee viscosity (in particular at high
shear rate value) in increasing the amount of arsilame present on the nanoparticle
surface. The better interaction between nanofdled matrix causes an higher dragging

effect and therefore an higher resistance to tearsh
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Nanocomposites with 2% of montmorillonite

Pure PAG6

Ny 6 + 2% Pure Cloisite

Ny 6 + 2% Cloisite 2% NH
Ny 6 + 2% Cloisite 7.5% NH
Ny 6 + 2% Cloisite 15% N
Ny 6 + 2% Cloisite 35% NE

-1 I 1 2 3
10 10 10 10 & 10

Angular Frequaacy—»

Prynon M stk Gt

Figure 95: Rheological curves of nanocompositger@sence of 2% montmorillonite grafted with
amino silan

The behavior registered is the same of the prevsmrges. The material tends to an
increase of the viscosity when increasing the arnotithe graft and, while the tendency
of pure nylon 6 is to reach a plateau at low valaeshear rate, in presence of the
nanofiller this tendency change and the effechésttigher, the higher the amount of the
graft.
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Nanocomposites with 5% of montmorillonite
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Pure PA6
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= Ny 6 + 5% Cloisite 15% N

= Ny 6 + 5% Cloisite 35% N
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Figure 96: Rheological curves of nanocompositger@sence of 5% montmorillonite grafted with
amino silan

In this case the high amount of nanofiller insertadses rheological properties that are
very different for all nanocomposites in compariseith pure PA 6. The average

viscosity for all the series is lower than in ttese of previous series. The polymer with
higher amount of graft has the lowest viscosityanieg that an effect of star shaping of

the molecule happens, with the consequent decofdle viscosity value.
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Methyl silane grafted montmorillonites

Pag
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Figure 97: Rheological curves of nanocompositgg@sence of montmorillonite grafted with
methyl silan

In the case of the graft with methyl silane noelénce as registered in comparison with
pure montmorillonite, both in nanocomposites witl2 Aand 5% of nanofiller inserted.
The low amount of organic matter inserted with tlee of this silane doesn’t cause

sensible variations in the rheological behavior.
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Cig silane grafted montmorillonites

Nanocomposites with 1% and 2% of montmorillonite

Pure PA6
Ny 6 + 1% Cloisite 10% g
Ny 6 + 1% Cloisite 20% £
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Pure PAG6

Ny 6 + 2% Cloisite 10%
Ny 6 + 2% Cloisite 20% g
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10 10 10 5= 10
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Figure 98: Rheological curves of nanocompositggé@sence of montmorillonite grafted with 1 and
2% of C4¢ silane

The presence of the silane doesn't influence theer of the nanocomposites, also

changing the graft amount. Even if this silane ¢ead high amount of organic matter,

there is no appreciable result in observing theoldwcal property of the final

nanocomposite.
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Nanocomposites with 5% of montmorillonite

Pas

1o o A
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Pure PA6
Ny 6 + 5% Cloisite 20% (g
Ny 6 + 5% Cloisite 40% ¢
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Figure 99: Rheological curves of nanocompositger@sence of montmorillonite grafted with 5% of

Cy¢ Silane

In this series the montmorillonite with the lowema@unt of Gg silane gives results
similar to the pure montmorillonite, while in thase of the graft with higher amount of

silane, a different trend is observed, since th&ra decrease of the value of viscosity

similar to the one obtained with the graft withth@mount of amino silane.
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Conclusions:

In this chapter the preparation of nanofillers wghrface modification has been

investigated; regarding the effect of these modifon on the filler, the main results are:

in the case of nanosilica, the presence of thet gredvents the high water
adsorption, typical of this filler (up to 12% w/w).

In the case of montmorillonite, the use of aminars for the grafting process
causes an increase of water adsorption, while rmsillaype and & silane lower it.
When montmorillonite is used, the presence of tladt geduces the degradation of
the intercaled ammonium ion; the higher is the amaf graft present, the higher
the decomposition temperature.

XRD analysis of grafted montmorillonite shows aslag regularity in the lattices
of the filler in comparison with the non-graftedegrthis effect is increased by
increasing the amount and the molecular weighilahe. The loss of regularity is
caused by the insertion of the silane on the sertsHcthe filler andbetween two

lamellae, disturbing the interaction between thand allowing a better separation.

Regarding the results in nanocomposite materials:

Both in the case of montmorillonite and nanositiwa crystallization process of the
polymer is not disturbed or enhanced by the presehthe filler.

SEC analysis shows that molecular weight is nacad by nanofillers; but their
presence causes problems to the chromatographiarapg: the preventive
filtration operated is not efficient, and the inigég of the is not guaranteed when

analyzing these materials.
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About the rheological properties in presence ofosdita:

In the case of 1% and 2% w/w of nanosilica, thes@nee of the pure nanosilica or
nanosilica with low amount of graft causes a lomgrof melt viscosity at high
value of shear rate in comparison with standard ,Pg\éce the presence of a
spherical nanofiller not bonded with the polymanatrix causes a better flow of
melt macromolecules, and decreases the viscositgrvdn high amount of graft is
present, the viscosity increases at high valuehefs rate: this phenomenon is
caused by the presence of a chemical bond betwediiler and the matrix that is
strong enough to drag the filler during the rhealab analysis, causing the
increase of the viscosity.

In the case of 5% of nanosilica there is a decrefiiee viscosity at high values of
shear rate, that is clear in the case of graftiitg Wwigh amount of silane. In this
case the effect of a star shaped molecule is srgtwhere surface modified

nanofillers are considerable as multifunctionalrage

About the rheological properties in presence of imamillonite:

In the case of low amounts of montmorillonite (1266) , rheological properties of
nanocomposites are in all cases higher than puresiica. The effect of the graft
IS an increase of the viscosity proportional to itheerted graft: its presence allows
the formation of a chemical bond between the matnd the filler, increasing the
viscosity of the material.

In the case of the insertion of 5% of montmoriltenithe behavior registered is
completely different from the one of PAG6. Viscosihcreases very rapidly when
increasing the shear rate both with pure montnomiié and low grafted ones. The
high amount of a lamellar shaped filler causeseatgeffect of flow resistance to the
applied shear, that gives a high viscosity. Indase of high amount of graft, a star
shaping effect is obtained: the filler works as tifwhctional agent and the
viscosity of the material is lower than the othees.

Using methyl silane, no effects are evidenced ahdological results are
comparable to the ones observed for the pure mailkomite, considering all
percentages of silane inserted and all amountsadf. @ his result can be explained
by the low dimension of the silane, that is notiegioto cover the filler and to have

effect on rheological properties.
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Using Gg silane on the filler inserted in 1 and 2% w/w i thanocomposite, the
results is an increase of the viscosity of the ndtebut the tendencies are the same
ones registered for the pure montmorillonite. Tlwwvee of the inorganic filler
allows a better superficial interaction, but these't the effect that is obtainable
making a chemical bond as in the case of aminassila

When the 5% of nanofiller is inserted, when a higlyount of graft is present, a
great difference in comparison with pure montmonite is observed; the high
amount of organic matter that covers the filler npgs a better flow of
macromolecules and the viscosity is not highly éased as in the case of pure
filler.
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CHAPTER 11: Evaluation of the thermal
stability of  polymeric
materials coupled with IR
spectroscopy of the
degradation products
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As explained in chapter 1 thermal degradation endbndensed phase is one of the most
important phenomenon influencing the productionvofatile products that feed the

flame.

The evaluation of thermal stability of the mategales an indication of the behavior of
the polymer in conditions similar to the ones aitdi immediately before and during the
combustion process; however the behavior duringhieemal degradation must not be
confused with the flame retardancy, because ituewes only one process of the more

complex phenomenon “combustion”.

The thermal degradation of a polymeric material esaluable through the
thermogravimetric analysis (TGA): the analysis nuees the loss of weight of the

analyzed sample during an increasing of temperature
The weight of the sample is measured by a microlcelavith a precision of fig, while

the scansion of temperature can be performed fré&nto2900°C. The analysis is

conducted in controlled atmosphere (usually widrimtmosphere or oxidant one).
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At the exit of the oven where the thermal degraaabtccurs, it is possible to connect
instruments giving the spectroscopic analysis olatite products developed; usually
they are a mass spectrometer that, giving valuethermass of developed products,
allows the comprehension of the degradation meshgnor the IR spectrometer that

analyzing the IR adsorption of volatile productsnpiés to understand their nature.

During this work a TGA coupled with an IR spectraaeréhas been used. The connection
is obtained by a transfer line that carries dedgradgroducts to the IR permitting the

analysis of IR adsorption in any moment.

The transfer line has an heated cover that mamttia high temperature during the

transfer of the volatile products avoiding theindensation or precipitation.

The transfer line has also a suction pump, thakectsl the fumes emitted with a
controlled flux for the transportation to the IRlicéhe suction flux is lower than the
purge gas flow to permit the collection of degramafproducts emitted by the furnace

without the aspiration of external gases.
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Thermal degradation of PA 6

The starting point for the thermal degradation gsialof PA6-based nanocomposites, is

the study of the behavior of the pure polymer.

The loss of weigh curve of an industrial PA6 samgleported in the following figure:
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Figure 100: TGA curve of PA6

The thermogravimetric curve presents 2 principabgitions: the first one corresponds to
the loss of the adsorbed water while the secondiotiee loss of weight caused by the

thermal degradation of the macromolecular chain:

Start T (°C) End T (°C) Loss of weight (%)
100 200 1.6
200 500 95.0
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The IR spectroscopy of the evolved products cordfirtine degradation mechanism

proposed:

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 0 60450.
Wavenumbe

Figure 101: IR spectra of (black) degradation pobvét 190°C of PA 6 and (blue) water

Analyzing the IR spectrum of the products emitted.80°C, signals typical of water
molecule in gas phase are found: in the figuree ldurve represents the adsorption of
pure water, while the black curve the adsorptiothefemitted fumes.

189



In the following figure the IR spectra registeredidg the second transition is reported:

e
102.4

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 0 60 450.
Wavenumbe

Figure 102: IR spectra of (black) degradation pobvé 450°C of PA 6 and (blue) aminohexanoic
acic

The second transition is the most important phemmmeof loss of weight in this
material (it interests the 95% of the total weighhe IR spectrum registered shows that
the main product developed is the monomer (in ldueeported the spectrum of pure
aminoacid, in black the mixture evolved during #ralysis) confirming the unzipping

process of degradation of the polyamide.

This mechanism consists in the demolition of theenmaolecular chain starting from

one of the ends of the chain, losing a single repetunit after the other.
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Comparison between the thermal behavior of nylosythesized in our
laboratory and the industrial one

Our method of synthesis of standard nylon 6 givg®lgmer having molecular weight
and rheological properties similar than the indaktne. In the evaluation of the thermal
stability of materials synthesized, one of thetfatep is the comparison between the pure
matrix synthesized in our laboratory and the indaisbne; in the following figure in
blue is reported the thermal degradation of indgaisstandard PA6, while in red is

presented the behavior of the polymer synthesizedir laboratory.
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Figure 103: TGA curves of (blue) PA6 from indudtsgnthesis and (red) PA6 produced in our
laboraton

The two behaviors are comparable but the induss@ahple presents higher thermal
stability, probably due to the insertion of a snaatiount of stabilizers usually added on
all polymers industrially synthesized to prevengmelation phenomena caused by

manufacture processes (extrusion, moulding etc..).

191



Influence of the molecular weight on the thermal deadation of
polyamides

Considering that materials synthesized in our latooy, that will be analyzed by
thermal degradation, have an average molecular hivdigwer than the standard
polyamide 6, the evaluation of the effect of molacweight on the degradation has

been investigated

A series of linear nylon 6 with &, of 3000, 10000, and 18000 has been analyzed by
thermogravimetric analysis; in the following figutlee resulting curves are presented
(red curve PABV,, 3000, green curve PA@, 10000, blue curve PAG , 18000).
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Figure 104: TGA curves of Pas 6 with different noolar weight

The degradation process starts early in the caspolyimers with lower molecular
weight, but after the beginning of the processyvesirare similar for all the tested
polymers.
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Analysis of industrial flame retarded polyamides 6

In this paragraph two flame retarded polyamidesh@&ioed by compounding process

have been analyzed:

1. Nylon 6 + 20% of melamine cyanurate, a typical egemof NHFR used in
polyamide field (blue curve)
2. Nylon 6 + 21% of polybromostyrene (PBS) and the @aluminum trioxide (used

as synergic): also this formulation is commonlyduse

weight (%)
/
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Figure 105: TGA curves of industrial Pas 6 FR

Regarding the matrix mixed with melamine cyanuratevell defined changing of
direction is registered in the curve at 360°C #ighs the loss of weight of the 20% of
the polymeric material.

This loss of weight is related to the loss of males of melamine cyanurate, inserted by
compounding, without chemical bond to the polymeniaterial. Its effect is evident on

the remaining part of the material that degradesemnimwly.
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The material modified with bromined flame retardamd synergic has an higher
stability to thermal degradation. This thermal @elgition occurs at lower temperature

and with higher speed than in the case of PAG.

The flame retardant effect is in this case obsexwdg in the last part of the analysis,
when the curve change his slope (just before 10%wiaining material). The rate of

degradation slows down because of the formatiarhaf.

Moreover in the evaluation of the behavior of timaterial is important to remember that
in the case of combustion, the formation of chazagpled with a radical action in gas
phase that is very important for the flame retacgaand is not evaluable through the

TGA analysis.

Both the materials have a temperature of thermgtadfation that is lower than the
corresponding pure PA 6, this feature is clasdmathese kind of materials because the
flame retardant, acts before the thermal degradatighe polymeric matrix in which is

inserted.
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Results obtained through TGA analysis of nanocomppes in presence of
nanosilica

All materials obtained through in situ polymeripatiare been analyzed by TGA analysis
in atmosphere with oxygen using temperature scgrmgtween 50 and 700°C at the rate
of 20°C/min.

The insertion of the mineral filler slightly increes the thermal stability of the standard
PA 6 as shown in the following pictures (red cuceerespond to PA 6, while the black

curve is relative to the nanocomposite containi¥gdf pure nanosilica)
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Figure 106: TGA curves of PA6 (red) and 1% nancgili
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The loss of weight at the temperature of 450°Qr@perted in the following table:

Sample Residual weight at 450°C (%)
Pure PA 6 67.2
1%N 73.9
1%N 2%NH, 69.5
1%N 7.5%NH 68.4
1%N 15%NH 67.1
1%N 35%NH 72.4
204N 74.2
2%N 2%NH 74.0
2%N 7.5%NH 65.5
2%N 15%NH 72.6
2%N 35%NH 73.0
506N 68.7
5%N 2%NH 62.7
59%N 7.5%NH 69.1
5%N 15%NH 1.7
5%N 35%NH 734

Table 40: Loss of weight data in containing-nancsihanocomposites at 450°C

Generally the best values are obtained for nanoositgs containing the 2% of

nanosilica both pure and with surface modificatigalues are very similar for all the

nanocomposites, but some trends are identifiable:

1. When a low amount of nanosilica (1-2%) is inserteelst results are obtained for
pure nanosilica or with a low level of surface nimdition.

2. When an high amount of nanosilica (5%) is insettedtrend is the opposite and best
results are obtained with high amount of the gratft.

3. Nanocomposites with low amount of graft tend tceldiseir thermal stability when
increasing the amount of nanofiller inserted; ifragh amount of graft is present a

better result is obtained increasing the amoumiobfiller.
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Results obtained through TGA analysis of nanocompes in presence of
montmorillonite

In this case the insertion of pure montmorillondg@uses a decrease of the thermal
stability, that gets higher, as the amount of ffilileserted increases; in the following

figure this behavior is evidenced focusing on theezof loss of weight a 450°C:
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Figure 107: TGA curves of nanocomposites in preserfigure montmorillonite

Red curve correspond to pure PA6, the green oneocoamposite with 1% of
montmorillonite, the blue one the 2% and the blaick 5%.
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All nanocomposites synthesized have been analyzied UGA, and the values obtained
for their loss of weight at 450°C are reportedhe following table:

Sample Residual weight at 450°C (%)
Pure PA 6 67.2
1%C 63.4
1%N C 2%NH 66.3
1%N C 7.5%NH 64.6
1%N C 15%NH 66.8
1%N C 35%NH 69.6
20h C 59.4
2%C 2%NH 63.4
2%C 7.5%NH 60.4
2%C 15%NH 66.4
2%C 35%NH 66.1
506 C 54.8
5%C 2%NH 64.6
5%C 7.5%NH 8.6
5%C 15%NH 65.4
5%C 35%NH 67.0
1%C 20% Me 64.9
1%C 40% Me 68.5
1% C 20% Ge 68.8
2%C 20% Me 56.5
2%C 40% Me 64.4
2% C 20% Ge 66.6
5%C 20% Me 64.9
5%C 40% Me 59.5
5% C 20% Gs 66.7

Table 41: Loss of weight data in containing-montitfarite nanocomposites at 450°C
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From this group of analysis, several data on thecebf the graft on the thermal stability

of the final material is observed:

1. The general tendency of loss of thermal stability the nanocomposite when
increasing the amount of nanofiller inserted insesa is maintained also with grafted
fillers.

2. The use of a graft able to make a chemical bonHt thi¢ polymeric matrix (silane)
increases the thermal stability of the final matend this increment is proportional
to the amount of graft used. (in the series an @me is the montmorillonite grafted

with the 7.5% of amino silane, that gives worstitissin all nanocomposites).
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Figure 108: TGA curves of nanocomposites with 5%ure montmorillonite (blue) and grafted with
35% of amino silane (black) compared with stad PA6 (red

In the graph the red curve represent the stand#®@, Ehe blue one is the
nanocomposite with 5% of pure montmorillonite ahd black one is obtained with
5% of montmorillonite grafted 35% NH

3. The use of Methyl silane in low amount (20%) givesults similar than the pure
montmorillonite. Increasing the amount of methyduse a better thermal stability is
obtained.

4. The behavior when silane s present is similar to the one obtained with high

amount of Methyl silane inserted.
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Results obtained through TGA analysis of materialgh modified
molecular architecture and CEPP

Polymers obtained by the copolymerization of thprakctam with a multifunctional

agent, and the ones obtained in presence of th&®&fe been evaluated by TGA.

The results are reported in the following table mghthe temperature of 90% loss of

weight and the 10% one are presented together thighgap between these two
temperatures:

Temperature of
Temperature of the loss|
Sample the loss of 10% of _ AT (°C)
of 90% of weight
weight

PA6 420.7 487.9 67.2

160 HBHT 426.4 488.9 62.5

255 HBHT 427.9 484.6 56.7

460 HBHT 423.8 487.0 63.1
160 POSS 426.9 486.0 59.1
255 POSS 431.3 505.6 72.3
460 POSS 425.0 499.6 74.4
160 HBHT + CEPP 385.3 466.1 80.7
255 HBHT + CEPP 381.7 448.8 67.2
460 HBHT + CEPP 374.3 455.1 80.8
160 POSS + CEPP 391.7 468.1 76.4
255 POSS + CEPP 385.3 469.8 84.4
460 POSS + CEPP 378.1 467.0 88.9

Table 42: Loss of weight data in polymers with nfiedi molecular architecture
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The use of inorganic matter highly compatibilizedhwthe polymeric matrix causes an
increase of the thermal stability, as shown infdtewing graph:
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Figure 109: TGA curves of star shaped PA6 obtaimi¢hd POSS

The presence of CEPP causes the decrease of theatldegradation temperature; this
decrease is higher, when the amount of CEPP imsert@creased; the following figure
presents the difference between PA6 (red curvedenads containing CEPP and HBHT

(black curves) and materials containing POSS andRC{green curves):
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Figure 110: TGA curves of star shaped PA6 obtaimitd CEPP
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Moreover a synergic effect between the inorganidtifonctional agent and CEPP is

evidenced, resulting in higher thermal stabilitarthin the case of the use of HBHT as
multifunctional agent.

The bond between the CEPP and the material is msgde in the increase of the
temperature of thermal degradation in comparisoth wihe pure molecule; in the

following figure the final material curve is thedrene, while the blue is relative to pure
CEPP:
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Figure 111: TGA curves of star shaped PA6 obtaimiéldl CEPP and pure CEPP

On the contrary, in the case of the addiction byngounding process, the thermal
properties of the molecule added is the same optite one; in the following figure is
reported the curve relative at the material obthibg the compounding of melamine

cyanurate with nylon 6 (red curve) with the ongofe flame retardant (blue curve)
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Figure 112: TGA curves of PA6 with 20% of melamayanurate and pure FR
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Another important aspect is the increase of thgperature range necessary to pass from
the 10% of loss of weight to the 90%. This rangmaseased in the case of the presence
of CEPP of an amount of 50%. If 67,2°C are neededonsume the 80% of the pure
PAG, in presence of CEPP this range can reach8/®®. This phenomenon is caused
by the formation of a char protecting the polym#rat slows down the thermal

degradation.

The formation of the residue is confirmed in theafipart of the TGA analysis; when
CEPP with POSS and HBHT is present, an higher uesid registered; an higher
amount matter in the case of CEPP with POSS (greere) than HBHT (black curve)

while in the case of pure PA6 (red curve) all thegter is consumed.
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Figure 113: Residual weight of polymers in presesfd8EPP at the end of thermal degradation
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Cone calorimeter tests on polymers with HBHT and BE

The series of materials obtained using HBHT as ifmalttional agent and CEPP as

monofunctional chain ender has been chosen fonthasis on large scale 700-1000g to
perform the production of sample analyzable by amalerimeter.

In fact the production of samples for the flameareéant tests needs a minimum amount

on the order of few kilograms.

The series has been chosen because of its higlitgtand the possibility to predict its
behavior during the synthesis (that is not possibl¢he case of the use of POSS as

explained in the chapter 9).

Cone calorimeter has been chosen as flame retatekstnit gives an higher amount of
information on the behavior of the material in carstion conditions in comparison with
LOI and UL94.

The value reported in literature for the peak d@é raf heat release for PAG is fixed on
2049 kJ/srh for an analysis performed with a heat flux withia@/m?3.

In our case the value registered for three mateaia:

Sample PRHR (KJ/sm)
160 HBHT + CEPP 714
255 HBHT + CEPP 640
460 HBHT + CEPP 638

Table 43: PRHR for polymeric materials containingHir and POSS
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Figure 114: RHR graphic for polymers containing HBahd CEPP

The result reported shows that the polymers syitbgéfrave a maximum of heat release
that is 3 times lower than the standard PAG6 confignthe very good results of

synthesized polymers.

Moreover the flame retardancy of the materials mapd increasing the amount of

CEPP inserted:

1. The reported value of PHRH decreases increasingrttwaint of CEPP inserted

2. Time of peak of heat release and average rate aif reeease (ARHR) confirm the
higher flame retardancy of the material with higli&PP content, that ignites later

than the other ones and with a lower rate of corndus

The following table reports the values of peak efathrelease and ARHR for our

polymers:
Sample Time of PRHR (s) ARHR (KJ/sm?)
160 HBHT + CEPP 146 446
255 HBHT + CEPP 159 437
460 HBHT + CEPP 170 425

Table 44: Time of PRHR and ARHR for polymeric matks containing HBHT and POSS
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Conclusions

The complete characterization by thermal degradaginalysis of all the synthesized

polymers has been performed. Here are presentedcdhelusions on the results

obtained:

Regarding nanocomposites containing nanosilicallithe samples the presence of
the filler (with the exception of nanocomposite 52%NH,) increases the thermal
stability of the material. Good results are obtdiirethe case of insertion of 2% of
nanosilica with all amounts of graft and with 5%rr@nosilica grafted with high
amounts of silane. This result is obtained becaursd&igh amount (5%) of non
grafted filler (that is not compatible with the argc matter) disturbs the regularity
of the material favouring the thermal degradatibthe polymer. If an high amount
of filler is inserted, an high percentage of grafneeded because the improved
compatibility leads to higher thermal stability.

Regarding nanocomposites containing montmorill@pitee insertion of the pure
filler causes a decrease of the thermal stabilitys decrease is higher when the
amount of filler is increased since the low compéty between the filler and the
matrix, at the inter-phase can be the startingtpafithe degradation process.
When the graft is inserted, thermal stability ispmoved; if the inter-phase
filler/matrix is the starting point of the therma@égradation, a better compatibility
between the two elements causes the slowing gbribeess. The results is further
improved when the nanofiller is grafted with a séahat can react with the matrix
(in our case amino silane); when the silane canpatt, the better result is
obtained increasing the amount of organic molecabe®ring the filler (G silane
gives better results than methyl silane, and ahdrigmount gives better results

than a lower amount).
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Regarding polymers containing CEPP, several beraai@ evidenced:

1.

Thermal degradation of polymers containing CEPPu@at temperature

lower in comparison to the pure PAG; this tempermitdecreases when the
amount of CEPP is increased. CEPP is the first coutdeto degrade and its
degradation affects all the material.

The degradation of polymers containing CEPP dogse%ent changes on the
slope of the curve and occurs at higher temperahare pure CEPP, meaning
a chemical bond of the molecule with the polymengtrix.

The residual weight obtained when a polymer comgirCEPP is burned,

shows the effect of char formation, that protetts tesidual part of the

polymer

CEPP degradation acts slowing the degradationeoptiymeric material that

degrades with lower rate than standard PA6

A synergic effect is registered in there is thespree of both inorganic
matter (POSS) and CEPP; in this case all effectdlashe retardancy

evidenced are improved.

Regarding cone calorimeter tests performed on #ness of polymers containing
HBHT and CEPP, results obtained show that:

The peak of rate of heat release is three timerakan standard PAGin the case

of our polymers; flame retardant effect is throtigis data confirmed.

The flame retardancy effect of CEPP is confirmedhzyincrease of the time of

ignition when the amount of CEPP increases; thees@mdency is obtained for

the value of average rate of heat release.
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