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ABSTRAKT

Teoreticka Cast’ tejto prace sa zaobera zakladnou teoriou o polyuretanoch, presnejsie o ich
stavebnych jednotkach, chemickych reakciach a aplikaciach. Reakcia polyuretdnu na tepelna
dekompoziciu a vSeobecnd reakcia materialov voci horeniu a procesov horenia su diskuto-
vané a spolu s kapitolami zameranymi na rdzne typy retardérov horenia. Ich funkény me-
chanizmus a sposoby vyhodnocovania st pouzité na urcenie ich vplyvu na mechanické a

chemické vlastnosti a mieru odolnosti a retardacie horenia.

Pre ttto préacu bol pripraveny odlievany polyuretan s aditivnym intumescenénym retardérom
horenia a reaktivnhym horenie retardujucim polyolom, vo réznych koncentraciach. Vplyv
tychto komponent na schopnost’ matrice odolavat’ horeniu bol vyhodnoteny konickym kalo-
rimetrom (podl'a ISO 5660-1:2002) a testom horl’avosti plastovych materidlov pre stciastky
v zariadeniach a spotrebi¢och (podla UL94). Kinetika vytvrdzovacich reakcii bola vyhod-
notenda pomocou dynamického skenovacieho kalorimetru s pouzitim dynamického skenu na
vyrovnanie rychlosti reakcie k rychlosti ohrevu. Rotacné reoldgia nastavena na konstantnti
frekvenciu a s konStantné namahanie s teplotnym profilom od 25°C do 150°C bola pouzita
na vyhodnotenie spracovatelnosti vytvrdzujicej sa zivice. Dynamickd mechanické analyza
bola pouzita na sledovanie visko-elastickych vlastnosti Zivice po dokon¢eni vytvrdzovace;j

reakcie.

KIacové slova: konicky calorimeter, DSC, DA, rota¢na reometria, vytvrdzovacia reakcia,
kinetika, MARHE, heat release rate, polyol, izokyanat, UL94, retardér horenia, intumescen-

cia, produkcia dymu.

ABSTRACT

Theoretical part of this thesis concerns basic theory about polyurethanes, more precisely its
building blocks, their chemistry and applications. Reaction of polyurethane to thermal de-
composition and overall reaction of materials to fire and fire dynamics are discussed, and

together with chapters aimed at various types of flame retardants, their modes of action and



evaluation methods used to determine their impact on mechanical and chemical properties

and flame resisting and retarding performance.

For this work cast polyurethane was prepared with additive intumescent flame retardant and
reactive flame-retardant polyol in increasing concentrations. Impact of these components on
the flame retarding performance of the matrix was evaluated by the cone calorimetry (ac-
cording ISO 5660-1:2002) and by the test for flammability of plastic materials for parts in
devices and appliances (according UL94). Kinetics of the curing reaction were evaluated by
dynamic scanning calorimetry using dynamic scan to align the curing speed to the speed of
temperature change. Rotational rheology in constant frequency and under constant shearing
with temperature sweep from 25°C to 150°C was used to determine the processability of the
curing resin. Dynamic mechanical analysis was performed to determine the viscoelastic be-

haviour of the resin after the curing reaction was performed.

Keywords: cone calorimeter, DSC, DMA, rotational rheometry, curing reaction, kinetics,
MARHE, heat release rate, polyol, isocyanate, UL94, flame retardant, intumescence, smoke

production
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INTRODUCTION

Polyurethanes are one of the most used class of thermosetting polymers and polymers in gen-
eral, due to the fact that polyurethanes may have variety of mechanical properties and can vary
from elastomers to resins. Therefore, they can be effectively used in many applications from
simple cushioning, tubing, textiles or adhesives to small components of electronic appliances
or profiles in automotive and public transportation. This variability in applications is given by

the large number of possible combinations in reactions of isocyanates and polyols [1].

In the case of thermosetting polyurethanes, the crucial parameter influencing the applicability
of the system is the reaction kinetics. The curing reaction has to be accurate. Fast reaction does
not allow for the system to change into the well-defined shape, while long reaction time is

unsuitable from the technological point of view (amount of the samples).

Another parameter is mechanical performance, since the flame retardants are from the class of
powders or liquids, they can influence the mechanical properties significantly and thus the sus-
tainability of the mechanical properties is very crucial to provide sufficient mechanical perfor-

mance at least comparable to those obtained for neat polyurethane system

Because the polyurethanes are widely used in the public transportation, the requirements on the
resistance against flammability are on the highest level. Due to the fact, that the halogen-based
flame retardants release toxic volatiles while burning, these FR systems are not that frequent.
Various inorganic fillers such as aluminium trihydrate or magnesium hydroxide are usually
applied instead. On the other hand, since 2013 the limits for flammability of the components
used in railway carriages were significantly tightened [2], the utilization of other flame retard-
ants, such as intumescent additives or individual parts of isocyanates or polyols with flame
retardant directly in their chemical structure seem to be very attractive way to sufficiently im-

prove this property.

This work is therefore focused on the preparation of the polyurethane material, modified with
flame retardants in multiple concentrations. Presence of individual flame retardants was con-
firmed by FTIR (Fourier transform infrared spectroscopy). Reaction kinetics were investigated
using DSC as evaluation of the plotting the Heat flow against time and using viscoelastic prop-
erties where viscoelastic moduli as well as viscosity of the various systems were plotted against
time at elevated temperature. Furthermore, evaluation of viscoelastic properties such as visco-

elastic moduli measured using DMA (dynamic mechanical analysis) in the tensile mode at
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broad temperature range provide the information about glass transition temperature and how it
is changing with various flame retardants. Finally, the and flammability of the prepared com-
posite systems was measured by cone calorimeter as well as using UL-94 method, as it is the
most utilized flammability test nowadays. The results from cone calorimeter and UL 94 test as
a complementing method to the cone calorimetry test were investigated, compared and corre-

lation between them was discussed.
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1 POLYURETHANE (PUR)

Soft segment (polyol)

Chain extender

Hard segment (di-isocyanate)
crystallising or non-crystallising

Fig. 1: Schematic representation of polyurethane chain and its segmented character [3].

PURs are class of thermosetting polymers, which have extensive versatility of applications such
as heat insulation, soft foam for cushioning, adhesives, coatings, structural foam, fibres and
many more. Polyurethane is not one exact polymer that can be characterised by specific for-
mula. Instead every polymer that contains repeating urethane unit can be considered as polyu-
rethane. Polyurethanes are produced in two ways. The first one is one-shot process, in which
all components are mixed together. The second process is the prepolymer process, where pre-
polymer is prepared first and then chain extenders are added [4]. The polymerisation follows
polyaddition mechanism, where functional groups of R-OH and R’-NCO react with each other
to produce PUR. If the hydroxyl group would be swapped for amine group, R-NH, then the
product of the reaction would be polyurea. Contrary to polycondensation, polyaddition does not
produce any side product. Reaction is driven by the free hydrogen that is easily removed from
functional group of polyol or isocyanate and leaves unhindered electron pair [5]. Reaction of
isocyanates with polyols at standard conditions is slow and therefore needs to be catalysed [6].
Generalized reaction mechanism is shown in fig. 2. The common used catalysts are: diazobicy-
clo[2.2.2]octane (DABCO), Dibutyltin dilaurate (DBTDL), Triethylene diamine (TEDA), 1,8-
diazabicyclo (5.4.0) undec-7-ene (DBU), Tin (II) 2-ethylhexanoate (T-9), Bis (dimethylami-
noethy) ether, Dibutyltindimercaptide (UL-22), Pentamethyl diethylenetriamine, Dimethylpi-

perazine and Penthamethyledipropylenetriamine. Catalysis does not only enhance formation of
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polyurethanes, but also accelerates a number of side reactions that can determine the resulting

product. Polymerisation of PURs has few characteristics [7]:

a) Single reaction (propagation) is responsible for the formation of polymer

b) Monomer system contains A, B or C functional groups that can react randomly

c) Monomers are depleted at the early stages of reaction

d) My rises slowly, high Mw is achieved only with high conversion

e) Broad distribution of Mw during reaction until the end, when all oligomers have reacted
f) Successful reaction requires precise stoichiometric ratios

g) Monomers with high purity are required

h) Reactions are reversible.

/H
=O\ o tprott;: H o
R _0 ransfer )
a) R, N-c ’ Ri-N=C" . . R N- C,o Ri—N-C
"0 0.
> H'g‘Rz H’o R, Rz
(o)
: !
N.,, e \\ Rz
5 [ Ve
/Rz R2 R1 C\ R1 (‘CQ‘O R /N ,0 (o]
b) o + B o — 5 7 o — = R AR . 3
H H [N I
i B=--H  Rp L H
B
X H X
| / |
(\ ~ H :0\ H) proton
oL R transfer
0) Cﬂar 2 NC'D Rivy JL _R; B
AN —_— + H—X
R1 “C. R4 C. ‘0 |
=0 o) Rz H
(0]
. /N |
B ie. :N__N X-H ie. Me-S-OH
f—y |C|)

Fig. 2: Mechanisms of isocyanate and alcohol reaction a) without catalyst b) with base or nu-

cleophilic activator and c) acid or electrophilic activator [8].
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1.1 Building blocks

Versatility of PURs comes from the amount of building blocks that can be used for synthesis.
Polyurethanes therefore have significantly different structure depending on application in

which they are going to be used.
The building blocks are divided to three major classes:

a) Polyols
b) Isocyanates

¢) Chain extenders

1.2 Polyols

Polyols are polymer backbones, made up of molecules containing multiple hydroxyl groups in
their structure. Polyols have high weight ratio in PURs, ranging from 90 wt% to 30 wt% in
flexible sealants, flexible foams and rigid insulation foams, respectively.[6] Polyols have wide
range of functionality, based on their backbone composition and hydroxyl functionality. Two
of the main groups are based on ether and ester. Others can be derived from tetrahydrofuran
(THF) and they are used in high-performance applications. Polyols have significant impact on
the processing and final properties of polyurethane. Polyols represent the soft segment of pol-

yurethane chain as shown in fig. 1.

1.3 Polyether polyols

Fig. 3: Polyether [6].

Polyether polyols (see fig. 3) are products of exothermic reaction between starter molecules
(initiators) and cyclic ethers. The Starter molecules are for example ethylene glycol, propylene
glycol, glycerine, pentaerythritol, trimethylolpropane. Cyclic ethers can be ethylene oxide
(oxirane), 1,2 propylene oxide (methyloxirane), 1,2 butylene oxide (ethyloxirane) or THF. Pol-
yether polyols have functionality that is directly related to the functionality of initiators of their

synthesis. For example, diol initiator will make the resulting polyol have functionality of two.
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Synthesis of polyether polyols can be seen on fig. 4. The most important polyether polyols are
poly butadiene oxide glycol, polytetra-methylene ether glycol (PTMEG), polypropylene oxide
glycol and polybutylene oxide glycol (see fig. 5). [7] Polyether polyols produce high quality
PUR foams and elastomers. Polyether polyols have one subcategory of amine terminated poly-
ethers, in these polyethers the terminal hydroxyl group is swapped with primary or secondary
amino groups. Polyether polyols have disadvantage in high flammability caused by volatility

of their monomers. This property is modified by usage of flame retardants.

Hydroxy-terminated

Initiator + Alkylene oxide @~ ——»
polyether polyol

(Polyalcohol  (Ethylene oxide or
oramine)  propylene oxide)

CH, 0
R-CH,-O-CH,-C-OH + H,C=CH, —> R-CH,0CH,CH-OCH,CH,-OH
H CH;

(Polyalcohol initiator)  (Ethylene oxide) (Primary hydroxy-terminated polyether)

Fig. 4: Schematic synthesis of polyether polyol [7].

CH=CH
CH CH, / N
HO— CH,~CH CH, CH, —OH
| 06

CH=CH,
0.2

Poly BD

%CH ~CH,~CH, o% PTMEG
H 0-CH, CH Polypropylene oxide glycol (PPO)
Hs

H O- CH2 CH
Polybutylene oxide glycol (PBO)
H;

Fig. 5.: Common polyether polyols [7].
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1.3.1 Polyester polyols

Fig. 6: Polyester [6].

Polyester polyols (see fig. 6) are esters of polyalkylene glycols, for example polybutylene ter-
ephthalate (PBT), adipate and caprolactane polyesters. They can be derived from aliphatic or
aromatic diacids, depending on their application. Polyester polyols are used in making of coat-
ing, adhesives and rigid foams. Aromatic polyesters have advantage in flame retardancy (en-
hanced charring) [9], gas permeability, structural integrity and thermal insulation. Therefore,
they are best employed in insulation foams. Aliphatic polyesters have better tensile strength,
abrasion resistance, UV resistance and flexibility in low temperatures. Their use is preferred in

coatings, elastomers and even artificial leather.

0 O O

I || atalvs I [
n HO —C—R—C—OH + (n+1) HO—R — OH ﬂ;{ HO—R—+0—C—R—C—0—R—0-H + H,0

0 0 0 0
) Il I ) Catalyst I I )
n CHy0 — C—R—C—OCH; + (n+1) HO—R—OH—=">HO —R+0—C—R—C—0—R—0O~H +CH;0H

n

0 © 0 R 0
Catalyst
n + (2n+1) HO -R =OH ——HO|-R -0
A O—R-0 H +n H,0
R R o R n

Fig. 7: Synthesis of polyester polyol [6].

Polyesters are produced by condensation polymerisation between polyhydroxy and polyacid
monomers (see fig. 7). Huge number of possible building blocks gives relative freedom to de-

signing specific PUR.

Caprolactane polyesters are products of ring-opening polymerization, where caprolactane mon-
omer reacts with a glycol (diethylene glycol, ethylene glycol). Polyesters of this type have
higher hydrolytic stability and are used in applications where this property is sought for.
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/ o
i |
(CHy)3 + Initiator ——  HO-R-O[-C-(CH,)s-O],H

Fig. 8: Synthesis of caprolactane polyester [7].

Polyalkylene glycol adipates are products of condensation polymerisation between alkylene
glycol and diester or diacid. Table 1. Shows some of the most commonly used glycols, polyols

and acids

Tab. 1: Some of the most commonly used glycols, polyols and acids for polyester polyol pro-

duction [6].

Examples of acids and anhydrides Examples of glycols and diols
Adipic acid O Ethylene glycol
HO
HO ~—"">on
OH
O
Succinic acid o 1.4 cyclohexane dimethanol
HO HO
OH OH
O
Glutaric acid Diethylene glycol

O 0 0

/]V\)\ HO /\\/ \‘\./1\\ OH
HO OH|

1.4 —Butane diol

OH

HO M/

Phthalic anhydride W

(o]
Dimethyl terepthalate (DMT) 1.6-Hexane diol
8} W(}H
HO
H:C
0O,
"'\&__ H\“CH_—;

0
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1.3.2 Other polyols
Polycarbonate polyols

Produced at small volumes due to their expensive price, polycarbonate polyols are high perfor-

mance backbones for PURs.

Polycarbonate polyols can be prepared from reaction of phosgene or dimethyl carbonate (DMC)
with diol monomer or mixture of various diol monomers. These reactions can be seen in fig. 9.
O
0 I
)L +HO —R—O0OH —— HO R—0O—C—O—FR—OH + NaCl

n

Cl Cl

0
O |
)k+ HO —R—OH ——» HO—fR—0— C— O—+R— OH + 2CH;0H

n

H;CO OCH;

Fig. 9: Preparation of PC polyol from phosgene and dimethyl carbonate [6].

Preparation with usage of DMC is easier, because of its low cost and availability. Disadvantage
of this preparation is caused by evolution of methanol, which forms azeotrope that cannot be
separated by conventional methods. Alternative method to production is a reaction inside of

autoclave under elevated temperature and pressure.
Polyacrylic polyols

Polyacrylic polyols have good properties in hardness, UV stability and resistance to water and
acids. Use of polyacrylic polyols is most of the time limited to the coating applications, pre-
dominantly in automotive surface finishes. Polyester polyols are also used in coating applica-
tions, but in comparison to the polyacrylic polyols, they are used where hydrolytic stability is

not as important and cost is principal.

Polyacrylic polyols are prepared with radical initialization. Acrylic monomers can be utilized
if they have hydroxyl functionalized monomers in their backbone. For example: Hydroxyethyl

methacrylate, hydroxyl butylacrylate and hydroxyethyl acrylate.
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1.4 Isocyanates

Isocyanates are chemicals with high reactivity and versatility. They are capable of many reac-
tions, but their main significance is related to PURs. Isocyanates are affinitive to active hydro-
gens, such as those contained in alcohol and amine functionalized molecules of polyols. Isocy-
anate monomers must have at least two functional groups to promote addition polymerisation.
Two widely used isocyanates are toluene-based diisocyanates (TDI) and aniline and formalde-
hyde-based isocyanates (MDI). TDI and MDI cover 90% of isocyanate production, the remain-

ing 10% are covered by aliphatic isocyanates.

1.4.1 Toluene based isocyanates (TDI)

TDI based isocyanates used in PURs find their application in flexible foams, coatings and sev-
eral small specific applications. TDI is produced in three steps as shown in fig. 10. The first
step is nitration of toluene, followed by hydrogenation to form polyamine, which then reacts

with phosgene to create final product, the TDI.

CH; CH; CHs
N (T —NO; Yy
W+ HNO3/H,50, — ) + \ jj
— ~= =
NO,
o s CH; CH,
N ,I;f_x\%_ HND4/H,50, J
| E— - NO -
T NGt k ) C :.T ?F D:N‘F T NG
./ " —, S
- Ry
NO, No,
24 dinitrotoluene 2,6 dinitrotoluene

CH, CH,
H,

2

CH,
J NH, NH CHs
N0 0, — 17— NO; . Y R VNHE
r\_ J + . _JI cat ‘I\\_‘;)/ + O
N
"\-\.f'/’
NH,

To.

=
~,
y

2 4 dinitrotoluene 2,6 dinitrotoluene 24 diaminotoluens 2,6 diaminotoluens
CH,
CH CH; CH,
NH, 3
2 NH, NH Nco NCO_ | mco

- 2 codl
O R Yy : %R“/ a
Ly ( | —_— [l } 1 [}

(R ::'_/’ - k\..:,a
Ha NCO
2,4TDI 2,6TDI

Fig. 10: Production of TDI [7].
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1.4.2 Aniline and Formaldehyde based isocyanates — MDI and pMDI

MDI and pMDI (polymeric from of MDI) diisocyanates are applied in production of similar
products, such as: rigid foams, adhesives, sealants, coatings, elastomers and flexible foam [7].
Production of MDI is similar yet more complex than the production of TDI. Generally utilized
process to produce MDI and pMDI (that is the second product of the reaction) is composed of
three steps: nitration, hydrogenation and phosgenation. Schematic representation of MDI and
pMDI production can be seen on fig. 11. Differences between MDI and pMDI can be seen in
table 2.

- H, N
HNO/H, 50, i/ N )=m
E— . J—NO; ot "

Aniline

N\ —
<: ) y—nH,  HCHO /) /=N
) — N _I>—CH —(\ )N N
Acid o
Aniline
Ethylene bis aniline

HN q’r@— . |)—CH —{| \’BfNH

Poly{eththylene bis aniline)
/ o,
P - o Fmg -
i \ =~ =
OCN _<K_> N CH—( ()f}—wco + OCN —{\( ))— CH, "{L/}>—CH2 —<C Z;\}—NCO
L \. / S
n
MDI PMDI

Fig. 11: MDI and pMDI production schematic [7].
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Tab. 2: Differences between MDI and pMDI [7].

Property MDI pMDI
Physical form Solid Liquid
Molecular weight 250 =450
Equivalent weight 125 =225
Functionality 2 24
Boiling point, *C at 760 mm Hg 170 N/A
Flash point, “C (Cleveland open cup) 213 210-230
Fire point, °C (Cleveland open cup) N/A 220-250

1.4.3 Aliphatic Isocyanates

Aliphatic isocyanates are mostly used as coatings. In comparison to aromatic isocyanates, ali-
phatic ones have better weather colouring stability and all around weathering resistance. An-
other different property is slow reactivity of aliphatic isocyanates. Some of the widely used
aliphatic isocyanates are: hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI)
and 4,4’-diisocyanatodicyclohexylmethane (Hi2MDI) which is a hydrogenated version of MDI.

Structures of these aliphatic isocyanates are in fig. 12.

HDI ~00” IPDI H,MDI

Fig. 12: Structures of common aliphatic isocyanates [6].

HDI is prepared by phosgenation of hexane diamine, which is prepared by using hydrogenation

of adiponitrile.

IPDI is prepared by aldol condensation of acetone, forming isophorone isomers. These isopho-
rone isomers are then converted into isophorone nitrile by reacting with HCN. Following con-
version to diamine is done by reductive amination, after which reaction with phosgene forms

isocyanates.

HixMDI is prepared by hydrogenation of 4,4’-MDA — precursor to production of MDI. MDA
is distilled from mixiture with p MDA right before addition of phosgene that converts MDA to
MDI. The hydrogenation is performed in alcohol or dioxane media, utilizing ruthenium or rho-

dium on alumina catalyst.



TBU in Zlin, Faculty of Technology 23

1.5 Chain extenders

Chain extenders are low-molecular weight diols or diamines that connect isocyanate groups in
PUR structure. [6] Polyisocyanate and chain extender groups together form the hard segment
(HS) of the polyurethanes. Soft segment (SS) is made of polyol parts. Chain extenders with
functionality higher than two are considered cross-linkers. Content of HS is important for the
mechanical properties and thermal and hydrolytic stability [7] [10]. Another important property
of chain extenders, is their effect on kinetics of phase separation between SS and HS. Phase
separation takes place during addition polymerization between isocyanates and polyols, as the
two are immiscible [11]. There is large number of possible chain extenders, table 3 contains the

common types.

Tab. 3: Common chain extenders [7].

Trival Name Chemical Name Structure
1.4BD 1,4-Butanediol HO-{CH.,),-OH
OHCH, ..__,(/\
CHDM 1,4-Cyclohexandedimethanol -""--\-/--.___ CH-OH
-~ 2
OH
Glycerine 1,2,3-Propanetriol

HO-CH,CHCH,-OH

1,6 HD 1,6-Hexanediol HO-(CH,)zOH
Hydroquinone di o
HQEE (B hydroxyethyl ether) HOCH,CH,-0— I\_/'I OCH,CH,-OH
CH,
MPD 2-methyl-1, 3 propanediol |
HOCH,-CH-CH,-0OH
NNN N tetrakis HOCH,CH, __ CH,CH,0H
Quadrol (2-hydroxythyl) ethyl P NCH,CH;N
diamine HOCH,CH, CH,CH,0H
OH OH OH OH OH
Sorbitol D-glucitol HOCH,-CHCH-CH-CH-CH-CH,0H
OH
CH,-OH
T™P Trimethylolpropane HO-CH,-CH-CH,-OH

CH,CH;
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2 FLAME RETARDANT SYSTEMS (FRS)

Since polymers are often easily combustible materials, flame retardant systems are used to in-
terfere with combustion process by either preventing fuel availability, reducing heat entering
reaction externally or from reaction itself, or by limiting the amount of O> that drives thermoox-
idation. FRS can be introduced to polymer by mechanical compounding of additives or chemi-
cal reaction during polymerization, when the FRS becomes an integrated part of a polymer
chain. Mechanically compounded FRS additives do not interfere with the chemistry or chemical
properties of polymer below their decomposition temperature. Therefore, this type of FR must
be selected with emphasis on its decomposition temperature and the temperature of polymer
matrix in which it will be performing. Chemically introduced FRS possesses some advantages
over mechanically introduced. Their dispersion in the system is more homogenous and there is
no phase separation. Additives might show migration to the surface of the matrix, which is not
possible for the chemically introduced FRS, therefore material does not lose flame retarding
abilities over time. The last advantage is the lower concentration needed to sufficiently perform

flame retardation [12].

2.1 Modes of action

Both additive and reactive FRS utilize two possible modes of action to interfere with the com-

bustion process. The first mode of action is physical, the second one is chemical [13].

2.1.1 Physical mode of action

Flame retardants that utilize physical mode of action undergo endothermal decomposition that
decreases the heat released during combustion. Two common retardants with this behaviour
are AI(OH)3; and MgOH. This effect of decreasing released heat by endothermic decomposition
is called “heat sink”.

Another physical retardation of combustion is added by production of inert gases from decom-
position of retardants. These gases dilute the volatiles and combustible gases released from

polymer and therefore reduce the risk of ignition and further spreading of fire.

In some retardant systems formation of solid layer may occur. This solid layer physically sep-
arates the polymer fuel and volatiles it releases from combustion. Other than solid layer, pro-

tective gas layer that significantly limits gas transfer in combustion may form on top of the fuel.
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2.1.2 Chemical mode of action

This type of flame retardants relies on chemical reaction between retardant and combusting

fuel. Interaction can take place in both gaseous and condensed phase.

In gas phase the mechanism works by releasing radicals (e.g. CI' or Br’), these radicals can then
reduce heat released during combustion by reacting with other highly reactive radicals from
combustion (e.g. H and OH"). The lower amount of released heat decreases temperature which

cannot turn material to fuel.

Retardation in condensed phase has two possible pathways. The first one is based on catalysing
chain rupture in polymer, where polymer drips away from fire. The second mechanism forms
carbonized or vitreous layer at the top of the polymer. This “charring” is caused by transfor-
mation of degrading polymer chains and acts as a physical insulation between gas and con-

densed phase.

2.1.3 Charring and intumescence

Char formation or charring is a flame retarding effect, which builds a carbonaceous layer on
the top of the polymer fuel. Polyimides, polyaramides, polyarylenes or thermosets are an ex-
ample of polymers with inherent flame retardation, given by their ability to yield high amount
of char upon combustion. Flame retardation by charring works through lowering the heat of

combustion, insulating polymer, limitation of gas transfer and in some cases release of water

and carbon dioxide. [14]
Polymers that do not char properly are modified with char generating additives:

a) Source of acid — inorganic acid or acid salt decomposing to produce acid. Phosphoric
or polyphosphoric acid are ideal examples.

b) Carbonizing agent — carbohydrate that undergoes dehydratation by the acid and forms
char (e.g. pentaerythritol).

If a blowing agent is added as a third additive, effect of intumescence would be achieved. Blow-
ing agent decomposes and releases gas that expands carbonizing layer. Effect of intumescence
compared to charring can be seen on fig. 13. Scheme of expanded intumescene layer can be
seen in fig. 14. Intumescence also works as an insulating barrier, permits the access of flame to

polymer and limits oxygen diffusion [13] [15] [16] [17] [18].
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Fig. 14: Expansion of intumescent used in coating of PUR foam [19].

2.2 Synergistic and antagonistic effect of flame retardants

Synergy is an effect, when two or more FRS in a mixture attain enhanced performance, which
would not be possible for each flame retardant alone. Synergy works in both physical and chem-
ical modes of actions and in gas and condensed phase. As an example of synergy in gas phase
can be shown enhanced flame retardation of halogenated flame retardants (HFR) mixed with

antimony oxide Sb0Os3. Antimony oxide reacts with the hydracids produced from HFRs and
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forms heavy antimony oxihalides. These antimony oxihalides reside in flame for longer time
and form SbX3, where X is chloride or bromide, which scavenges radicals released from burn-
ing material. [13] Another example of synergism in condensed phase is shown by Chen et al.
[20] and Liet al. [21] on combination of expandable graphite and phosphorous flame retardant
in rigid polyurethane foam. Chen, in his work prepares combination of expandable graphite and
guanidinium phosphate as a system along with combination of red phosphorus and guanidinium

phosphate FR system. Fig. 15 shows excerpt of Chens results.

400 + pristine RPUF

(’"g EG/GP/RPUF 1
3504 | \ —— EG/GP/RPUF 2
g 1 EG/GP/RPUF 3
> 300 \h EG/GP/RPUF 4
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Fig. 15: HRR results on neat rigid PUR foam and rigid PUR foam filled with FR mixture of

expandable graphite and guanidinium phosphate in various concentrations [20].

Antagonistic effect is the opposite to synergism and occurs when one FR blocks mode of action
of other FR in mixture. For example, this effect was researched by Gerard et al. [22] on combi-

nation of APP and carbon nanotubes.

2.3 Mineral flame retardants

Mineral flame retardants are inorganic fillers of active or inactive type. Flammability of poly-
mer matrix can be decreased just by the lower amount of flammable material and adjusted
physical properties. Minerals that are often used for flame retardation have usually additional
mode of action to those mentioned beforehand (e.g. heat sink or gas dilution). [13] Inorganic
hydroxides make up 50% of FRS sold globally, they offer low cost, low toxicity and low cor-

rosivity. [23] Most widely used are metal hydroxides such as:
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Alumina Trihydrate (ATH), decomposes in the range of 180 — 200 °C and produces alumina
and water. ATH uses heat sink as its mode of action, during endothermal decomposition it
consumes 1050 kJ/kg [24]. Effect of ATH on HRR can be seen in fig. 16. Additionally, the
released water dilutes the gases from combustion, layer of aluminium oxide is created on top

of the polymer and protects it from further decomposition and chokes back the smoke produc-

tion.

—=— P
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Fig. 16: Effect of ATH and APP on unsaturated polyester resin [25].

Magnesium Hydroxide (MDH), has decomposition temperature about 350 °C which makes it
suitable for number of polymers. [26] Mode of action of MDH is essentially the same as of
ATH, but in its endothermic decomposition it consumes 1300 kJ/kg of energy. To meet desired
FR abilities of MDH, high volume, about 50 wt.% is needed. This amount of MDH might have

effects on mechanical attributes of polymer matrix which creates a problem that can be assessed

by surface modification of MDH (see fig. 17) [27].



TBU in Zlin, Faculty of Technology 29

250

200 —o— PE/MNH 50/50

T . o— PE/MNH/PCS 50/45/5
'_E 150 F
._'5.-;
=
e
B2 100

50k . ]

t’] &VﬁrJ " 1L " 1 M 1 " L " | ] "
0 100 200 300 400 500 600 700

Time (s)

Fig. 17: HRR data of neat MDH and MDH modified with polycarbosilane [27].

2.4 Halogenated flame retardants (HFR)

Category of halogenated flame retardants is represented mostly by bromine (BFR) and chlorine
(CFR) based flame retardants. Other halogens, iodine and fluorine are not used in large scale.
Iodine is expensive and its compounds are unstable to heat and light. Fluorine is applicable to
flame retardancy because of its non-combustible nature in the form of fluoropolymers (Teflon,
wire insulation), but decomposition products of fluorine compounds are too stable to interfere

combustion reactions, therefore it cannot be used as a flame retardant. [13]

Combination of HFR with SboO3 shows strong synergy, that produces antimony trichloride or
tribromide. [14] Synergistic effect can be also achieved by using nanoclays and zinc hy-

droxystannate. [28]
The most common bromine-based halogen flame retardants (BFR) are:

Tetrabromobisphenol-A (TBBPA), which is applied as a reactive FR in epoxy resins or as an
additive in ABS and HIPS. TBBPA is prone to discoloration due to reaction with light and it is
recommended to use it in low cost applications. Polybromodiphenylether (PBDE), is the sec-
ond most used BFR. As a FR additive it is used in forms of penta- (5), octa- (8) and deca- (10)

bromodiphenylethers. Penta- and octa- were used for polyolefins, nylons and polyesters until
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they were discarded and only deca-bromodiphenylether is still used outside of EU in few coun-

tries.

Hexabromocyclododecane (HBCD) and Tetrabromophtalic anhydride (TBPA) are less used
BFRs that are used for PS, textiles and polyesters respectively.

An example for chlorine based halogenated fire retardants (CFR) might be chloroparaffins and
Dechlorane plus (DP). Chloroparaffins are for a long period of time used in elastomers, rubbers
and polyolefins. Chloroparaffins provide thermal stability to 230 °C and as an addition to the
synergy with Sb2O3, improved fire retarding performance of aluminium trihydroxide and mag-
nesium dihydroxide is occurring when combined. Dechlorane plus (DP) is compound used in
nylons and polyolefins. Mode of action of DP is charring, flame inhibition is secondary. DP

works well with bromine additives as it has synergy with Cl and Br compounds.

HFRs and their use is controversial due to the possessed toxicity. Residual amounts of HFRs
are nowadays found in living organisms from around the world. Salamova and Hites [29] report
bioaccumulation of various HFRs by analysing tree bark, Gagné et. al [30] examine the pres-
ence and activity of Dechlorane plus in marine organisms. Overall toxicity and distribution of

BFRs are researched by Kefeni et. al [31]

2.5 Phosphorous — based flame retardants

Phosphorus—based flame retardants (PFR) is large group of flame retardants, and can be divided
into three categories, Inorganic, organic and halogen containing [32]. PFR may be used as ad-
ditives or as reactive comonomers to be incorporated into polymer. Mode of action is dependent

on the structure of polymer matrix.

PFRs are known to be more effective in matrices that contain oxygen or nitrogen, such as:
polyesters, polyamides, polyurethanes or cellulose. Mode of action in condensed phase is char-
acteristic for mentioned polymers and for phosphorous compounds with high oxygenation, such
as phosphates [33]. This mechanism utilizes production of phosphorous acid, which is a product
of the most PFRs to further decompose into pyrophosphate structures, while releasing water
during this process. Water dilutes the oxidizing gases in the gas phase and the phosphorus acid
additionally catalyses dehydration of terminal alcohols, that leads to creation of double carbon
bonds. At elevated temperatures, there is possibility of production of char. If PFRs are used in

polyolefins that do not contain nitrogen nor oxygen in their chain, addition of highly charring
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additive is advised. If the PFRs have low oxygenation, generation of active radicals PO,", PO’
or HPO® and mode of action in gas phase is prevalent. Free radicals released from PFRs are
from 5 to 10 times more effective in inhibiting the H" and OH" than bromine and chlorine radi-

cals respectively.

Synergistic behaviour might be achieved by combination of PFRs with nitrogen compounds,

carbon nanotubes or montmorillonite. [34] [35]
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Fig. 18: Structure of APP I and APP 11 [13]

Ammonium polyphosphate (APP) is a salt of polyphosphoric acid and ammonia [NH4.POs]x.
Its properties are dependent on polymerisation degree. APP exist in two crystal forms, APP I
and APP II, (see fig. 18) with chains referred to as short if the number of polymerisation degree
n is less than 100 and long, if the n is more than 100. Long chain APP is more thermally stable
at 300 [°C] in comparison to short chain APP that is thermally stable only up to 150 [°C].[13]
The polyphosphoric acid released from APPs has good reactivity with Oxygen and Nitrogen
containing polymers, in which it is catalysing charring. APPs are commonly used as a source
for acid and gas in IFR systems. Commercially available APPs are Exolit from Clariant or Budit

from Budenheim.

2.6 Nitrogen — based flame retardants

Melamine (Mel) is crystalline product with good thermal stability up to 345 °C. At 350 °C

melamine undergoes sublimation, during which high amount of energy is absorbed and tem-
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perature decreased. Melamine dilutes combustible gases by producing ammonia in its decom-
position reaction. The released ammonia also forms thermally stable condensates melam,

melem and melon.

Melamine tends to form salts in reaction with organic or inorganic acids (e.g. boric acid, cy-

anuric acid, phosphoric and polyphosphoric acid) its effect on HRR is shown on fig. 19.
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Fig. 19: Effect of Melamine (Mel), APP and expandable graphite (EG) on HRR of speciality
polyol [36].

Melamine polyphosphate (MPP) is a derivative of melamine. Thermal decomposition of MPP
is occurring at about 360 °C [12] and has low solubility in water. At temperatures above 350
°C MPP undergoes endothermic sublimation [37], therefore acting as a heatsink. To add up to
this retardation, MPP also releases phosphoric acid, which promotes charring, and melamine,
which acts as a blowing agent. Therefore, MPP is also IFR. In comparison to APP, melamine
polyphosphate is more thermally stable and not as susceptible to hydrolysis as APP, on the

other hand, MPP is less effective in its flame retarding abilities.

2.7 Nanometric particles

Nanometric particles are relatively new class of FRs. As additives, they increase flame retard-
ing performance and mechanical and thermal properties of polymer matrix. Mechanism of
flame retardation by nanometric particles takes place in condensed phase and its effectivity
depends on geometric shape and chemical composition of particles. As nanometric particles are
considered layered materials (e.g. nanoclay), particulate material (e.g. polyhedral oli-

gosilsesquioxane) and fibrous material (e.g. carbon nanotubes). These materials are non-toxic
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and environmentally friendly. [38] On the following fig. 20, effect of montmorillonite (MMT)
and nanosilica on HRR of polystyrene (PS) is depicted.
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Fig. 20: HRR of neat PS and PS filled with MMT and nanosilica [38].
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3 BEHAVIOUR OF POLYMER UNDER THERMAL STRAINING

Based on thermal response, polymers are sorted to three groups:

a) Polymers with complete breaking of the main chain (thermoplastics)
b) Polymers that experience breaking off side groups and form volatiles and soot

c) Cross-linked polymers that form char as main product of degradation.

Combustion process of charring polymers may follow by two pathways, flaming combustion
and or smouldering combustion. Flaming combustion can be achieved when volatile products
of thermal degradation release enough heat in their gas phase combustion, to produce heat flux
needed to initiate solid fuel degradation and flame spread. The smouldering combustion occurs
when the temperature or heat flux are below certain levels and can precede flaming combustion
in charring polymers. Smouldering combustion takes place in the solid phase of fuel rather than
in the gas phase. No visible flame can be observed in this type of combustion, instead we ob-

serve the material to be glowing. [39, 40]

3.1 Thermal decomposition

Thermal decomposition is process occurring in polymers at elevated temperatures, when poly-
mer is exposed to radiant heat flux from fire or located in a high temperature environment.
Thermal decomposition can be observed by changes in chain conformation, molecular weight,
crystallinity, flexibility, cross-linking, branching, colour changes, different densities, crack for-
mation, shape deformation. The result of these changes shows itself in physical properties (me-
chanical, electrical, thermal, magnetic) and aesthetic properties. [41] If the focus is kept on the
molecular weight, number of mechanisms can be distinguished, that result in decrease or in-

crease of the molecular weight My. Mechanisms reducing My, are:

a) Random chain scission — Occurs randomly throughout the length of the chain, weak bonds
with irregularities are the most susceptible to the scission. Propagation works via free radi-
cal. Produces oligomers of different length. If polymers are not depolymerising, they tend
to break to smaller and smaller fragments. This type of scission can be used for statistical
fragmentation. [42]

b) Chain-end scission (depolymerisation/unzipping) — Decomposition where the individual
units of monomers or volatile fragments are removed from the chain end until complete

depolymerisation of polymer molecule. For example, polymers of polymethacrylate and
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polystyrene type undergo this type of scission. Process propagates via free radical. Reaction
is antagonistic to polymerisation, and in enclosed system, it works until equilibrium be-
tween monomer and polymer is reached. [42]

c) Chain stripping — Works in two steps, in the first step side groups are eliminated, this leaves
polyene molecule on the main chain. The second step is scission into smaller molecules,

char formation or formation of cyclized molecules. [42]

Other mechanisms that increase My, are:

d) Cross-linking — Bonding of parallel chains, this process is important in formation of char.
Cross-linking is usually temporary process. Many thermosets at elevated temperature, from
100 — 150°C, forego cross-linking referred as post-curing to decomposition that occurs at
temperatures between 250 — 400°C.

e) Cyclization — Important for char formation. Char is highly porous, its basic building blocks
are aromatic rings. Polymers containing high number of aromatic rings yield more char and
the yield is increasing linearly with concentration of multiple-bonded aromatic rings in pol-

ymer. [43] [39]

3.2 Chemistry mechanism of degradation

Multistep free-radical reaction is common mechanism of chain scission. Individual steps of this

reaction are:

Initiation — formation of free radicals, while polymer backbone is breaking to small molecules.
Occurs randomly on chain (random chain scission) or on chain ends (chain-end scission). In air
atmosphere, these free radicals will react with oxygen and produce peroxides and hydroperox-

ides with high reactivity.

Propagation — cross-linking, main-chain unsaturation, intra or inter molecular hydrogen transfer
and further decomposition of polymer backbone, or chain-end scission, will take place in this
step. Production of the char in this step is a result of cross-linking reactions and cyclization

reactions of the side groups.

Termination — radical coupling, disproportionation and hydrogen transfer from one radical to
another, are the mechanisms that occur in this step. Thermo-oxidation of this step, that occurs

if the degradation takes place in air atmosphere, may produce several by-products.
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3.3 Thermal response of common polymers

This chapter focuses on the thermal response and properties of commonly used polymers, to

give quick insight on behaviour of everyday use plastics.

3.3.1 Polyethylene (PE)

Polyethylene (see fig. 21) degrades via random chain scission. During its degradation formation
of propane, propene, ethane and other alkene type decomposition products takes place. Thermal
stability is influenced by the type of macromolecular structure. LDPE for instance, has high
degree of branching and this steric displacement raises the rate of hydrogen transfer. As a result,

LDPE is not as thermally stable as HDPE is. In air atmosphere, decomposition starts at 250 °C.
3.3.2 Polypropylene (PP)

Like PE, PP degrades (see fig. 21) by random chain scission with free radical transfer. PP is
less stable than PE because of its methyl group, that speeds up the secondary free-radical pro-

duction. Decomposition produces pentane, 2-methyl-1-penthane and 4-dimethyl-1-heptane.
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Fig. 21: TGA scan of PE and PP [41].
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3.3.3 Polyvinylchloride (PVC)

Polyvinylchloride is not stable as PE and PP, the thermally sensitive Cl” group in the building
block produces highly unstable secondary free radicals and releases toxic HCI. Thermal decom-
position starts with the end groups of the macromolecule and oxygen then initiates decomposi-
tion within the backbone. HCI production initiates formation of double bond in the main chain,

this process reveals itself by colour change of the polymer.

3.3.4 Polystyrene (PS)

Product of the degradation is PS monomer. Degradation follows scission of the chain-end rad-
icals. Radical transfer followed by scission results in decreasing amounts of dimer, trimer, te-

tramer and pentamer.

3.3.5 Polyethyleneterephtalate (PET)

In an air atmosphere, thermal decomposition has onset at 350°C (see fig. 22) and leads to com-
plete combustion and depletion of material at 560°C. Thermal decomposition is initiated by

scission of an alkyl-oxygen bond following random chain scission.

3.3.6 Polymethylmethacrylate (PMMA)

Thermal degradation has onset at 285°C in the air atmosphere (see fig. 22). Thermal stability is
again influenced aby macromolecular structure of PMMA given by used polymerization
method. PMMA prepared with free-radical polymerization has lower thermal stability than
PMMA prepared ionically.
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Fig. 22: TGA scan for PET and PMMA [41].
3.3.7 Polyoxymethylene (POM)

Thermal degradation onsets at 275°C and follows process of unzipping, with release of formal-
dehyde. Degradation starts at the unstable chain ends and then continues by random-chain scis-

sion, other products are carbon monoxide and methanol.
3.3.8 Nylon 6 and Nylon 6,6

Thermal degradation of nylon 6 (see fig. 23) involves two steps, a) intramolecular backbiting
process and b) hydrogen transfer reaction, leading to scission of C-N bond to the amide group.
Intramolecular backbiting is dominant over hydrogen transfer. Nylon 6,6 degrades through the

same mechanism. Both nylons produce char, though nylon 6,6 yields more amount.

3.3.9 Polycarbonate (PC)

Thermal degradation in atmosphere has onset at 420°C (see fig. 23). Condensation and hydrol-
ysis reactions compete against each other during degradation of PC. Condensation reaction is
produces char if volatile products of degradation are removed during reaction. Preserving these
volatile products makes chain scission reactions predominant and reduces formation of char.

Major products of degradation are carbon dioxide, bisphenol A and phenol.
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Fig. 23: TGA scan for Acetal, Nylon 6 and PC under air and nitrogen atmosphere [41].

3.3.10 Fluoropolymers

High strength of C-F bond gives high chemical and physical resistance, and thermal stability to
polymers from fluoropolymer family. Polytetrafluorethylene (PTFE) is thermally stable in tem-
peratures over 400°C. If the degradation of PTFE occurs inside inert atmosphere, degradation
leads almost completely to production of a monomer, working by free radical decomposition
mechanism. Products of degradation in air atmosphere are carbon monoxide, carbon dioxide

and other volatiles, but no monomer is produced this time.

3.3.11 Elastomers

Unsaturated elastomers are more prone to thermal degradation. Between these rubbers we in-
clude natural rubber, isoprene rubber, styrene-butadiene rubber, nitrile rubber, butadiene rub-
ber, chloroprene rubber and butyl rubber. Thermal decomposition follows random-chain scis-
sion with intramolecular hydrogen transfer. Decomposition of rubbers is affected by the curing
system used in various types of elastomers. The other group of elastomers, the saturated ones,
are more stable against thermal degradation. Saturated elastomers are ethylene propylene rub-

ber, ethylene propylene diene rubber, silicone rubber, fluoroelastomers, etc.

3.4 Thermal response of polyurethane thermosets

Polyurethanes are compound of soft and hard segments, made of polyether or polyester and of

diisocyanate, respectively. During thermal degradation, PURs show phase separation between
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these hard segments domains that act as a physical crosslink and soft segments that act as a
matrix. In general Polyurethanes follow decomposition mechanism shown in figure 24. Initial

degradation of urethane bonding may follow three pathways:

a) Dissociation to isocyanate and alcohol
b) Dissociation to primary amine, olefin and carbon dioxide

c) Formation of secondary amine and elimination of carbon dioxide

Polyurethanes start to degrade in the range of 200 — 300°C. During degradation, residue is
formed as well as yellowish smoke that contains nitrogen. The yellow smoke contains HCN

and Acetonitrile, residue continues to break into smaller segments with rising temperature.

Decomposition under inert atmosphere produces no volatile products, initial step of the degra-
dation is depolymerisation. Primary products are two monomers, from which several other
products are formed in secondary reactions. These products are: carbon dioxide, butadiene, tet-

rahydrofuran, dihydrofuran, water, carbodiimide and urea amide.

Decomposition under oxygen atmosphere is initiated by scission of the polyurethane molecule
into primary amine, carbon dioxide and propenyl ether like compounds that form propene later

on. Mechanism of this decomposition is on fig 24 and fig. 25 [36] [42].
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4 FLAMMABILITY AND MECHANISM OF COMBUSTION

The flammability or rather degree of flammability is material property that characterises the
ease with which material catches on fire, and the length of time period during which it will
burn, how the material will behave and how it will change during combustion. The degree of

flammability of polymers can be characterised by several parameters:

4.1 Reaction of material to fire
Ignition

Fuel source (polymer) ignites and is in the state of stable combustion. See Fig. 26. Initiation of
flaming combustion is called flaming ignition. When initiated by a pilot, such as gas particle,
electric spark or smouldering wire, we refer to it as piloted ignition. When no pilot is present
and mixture of flammable volatiles and gases is ignited from hot surface of solid, we refer to
this type of ignition as autoignition. Another type of ignition is spontaneous ignition. This type
of ignition takes a long period of time to initiate (hours or days) until it transforms to smoul-
dering or flaming ignition. Spontaneous ignition is occurring when slow oxidation inside of a

fuel exposed to air generates heat that exceeds the heat lost to the surroundings. [40]
Growth

Growth of fire is dependent on type of fuel and accessibility to oxygen, temperature might rise
to 500°C. Fire spreads to nearby objects. Spreading is utilizing convection, radiation or both
mechanisms combined. Convection takes place when flames are in direct contact with object
and ignite it. Fire spread by radiation is done by thermal radiation from flames and smoke, that

is strong enough to ignite fuel in proximity.
Flashover

Fast transition of fire from growth to fully developed fire. This stage is set of by thermal radia-
tion, where growing fire releases enough heat that objects subjected to it burst into flames.

Temperature in this stage reaches about 600°C.
Developed fire

At this point heat release rate (HRR) and temperature of the fire are peaking. The Temperature
might reach from 900 to 1000°C. Every available combustible fuel is on fire at this point.
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Length of this stage is dependent on the amount of fuel and air and produces high amount of

CO due to flawed combustion.
Decay

The stage of decay is the last stage of fire, all the fuel has been depleted, or its amounts are

decreasing rapidly. Temperature in this stage starts to fall.

Fully developed

Ignition
and
growth

/

Fig. 26: Stages of fire during combustion of polymer [12].
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4.2 Heat release rate (HRR)

Quantitative parameter, expressed as an amount of heat released by a material per area, under
constant heat flux radiated by a fire. Its unit is kW/m?. HRR is a variable parameter, which
changes during time of combustion (see fig. 27). HRR affects fire reaction properties, surface
spread of flame and smoke generation [45] [46]. In an open environment, this heat is observed
as fire plume above burning fuel. HRR depends on chemical composition of fuel, surface area
and the heat or heat flux radiating onto surface area. For this work HRR will be measured with
cone calorimeter. The HRR profile changes with time during combustion because of the

changes to chemical and structural properties of polymer.
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Fig. 27: HRR profile in time. This is a common result of cone calorimeter measurement [43].

HRR is also dependent on thickness of the sample, and increasing thickness can bring results,
that show decline in peak and average HRR. From fig. 28 we can see that HRR increases sig-
nificantly in samples with thickness below 8 mm. Samples thicker than 8 mm on the other hand

show only marginal dependence on thickness. [47]
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Fig. 28: THR/volume vs. sample thickness [43].
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4.3 Peak Heat release rate (PHRR)

PHRR is maximum amount of heat released by a material in combustion. This maximum heat
is released in short period of time, usually in less than few seconds. PHRR controls maximum

temperature and spread rate of a fire.

4.4 Average heat release rate

The amount of heat released by fire over observed time period.

4.5 Time to ignition

Time period, for which material withstands constant heat flux exposure before igniting. Time
to ignition can be affected by material composition, reinforcement content and its type [48],

sample thickness [47], oxygen content in atmosphere.

4.6 Flame spread rate

Rate of the flame front traveling over sample surface. This parameter is experimentally meas-
ured in horizontal or vertical direction. This property is important in growth stage of a fire,
when the flames and heat are beginning to ignite nearby fuel. Spread of flames over solid fuels
is classified to two modes according to flow conditions. First mode is called wind-aided flame
spread (or flow-assisted) (see fig. 29). This mode occurs when the flame spreads in the same
direction as airflow. Second mode is opposite to the first and occurs when the flame spreads
against the airflow. Therefore, it is called opposed-flow. Wind-aided flame spread is faster than
opposed-flow and also more dangerous, as the heat of the flame extends over larger surface

area [41] [49].
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Fig. 29: Wind-aided and opposed-flow modes of surface flame spread [41]

Opposed-flow mode of fire spread is driven mostly by the HRR of the material. [43]

4.7 Limiting oxygen index

Minimum oxygen content needed to sustain combustion in oxygen - nitrogen atmosphere. The
result is expressed in % and is compared to amount of oxygen in Earth’s atmosphere. LOI value

is determined by tests that are covered in standard CSN EN ISO 4589-1:2017.

4.8 Smoke generation, density and toxicity

Contrary to belief that, heat and flames are major cause of death in fires, smoke and toxicity of
gas released during combustion are factors, that decrease the chances of survival the most. They
contribute to disorientation and incapacitation and eventually to death. Smoke density is defined
as a concentration of smoke particles within the plume of fire. Smoke toxicity is defined as a
concentration and lethality of fumes released by burning material. Density of smoke can be also
quantitatively determined with specific extinction area (SEA). SEA measures conversion effec-
tivity of volatiles released from sample to smoke. Effective way to suppress smoke generation
is to increase char formation by using specific materials or by adding intumescent fire retardants

to the compound for example.
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Formation of the carbon monoxide (CO), according to Yuan-Wei Yan [17], takes place in early
stages of combustion at relatively low temperatures. This is probably due to incomplete com-
bustion of the released volatiles. Then, formation of carbon dioxide (CO.) is occurring in more
developed fires with higher temperatures. Carbon monoxide (CO) proposes bigger threat than
Carbon dioxide (CO3), concentration of only 1500 ppm in the air is needed to cause fatal suf-

focation, contrary to 100 000 ppm of CO> that is needed to cause the same result. [43]

Other than CO and CO., many types of gasses can be released from burning material. It depends
on composition of used polymer and eventually its filler. Common volatile low molecular
weight gasses are propylene, benzene, toluene, styrene, methane, acetone etc. Aromatic com-

pounds and corrosive and toxic gasses are also released from certain types of materials.

Table 4. Contains combustion gasses and their concentration in thermoset and thermoplastic

laminates.

Tab. 4: Combustion gasses and their concentration in various types of laminates [50] [51]

Composite CO [ppm] CO:z[vol%] HCN [ppm] HCI [ppm]
Glass/Vinyl ester 230 0,3 not detected not detected
Glass/Epoxy 283 1,5 5 not detected
Glass/BMI 300 0,1 7 trace
Glass/phenolic 300 1 1 1
Glass/polyimide 200 1 trace 2
Glass/PPS 70 0,5 2 0,5
Glass/phthalonitrile 40
Carbon/PEEK trace trace not detected not detected

4.9 Mass loss

Mass loss gives quantitative expression on the amount of material that decomposes during com-
bustion. Rate and amount of mass loss can be measured during combustion from changes in

sample weight.

4.10 Fire resistance

Fire resistance is ability of material to slow down the burning process and maintain its mechan-

ical properties. Main properties of fire resistance are:

a) Heat insulation — Rate of heat conduction through a material exposed to fire.
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b) Burn-through resistance — Time taken until fire penetrates material and surfaces on the
other side.
c) Mechanical integrity — Ability of material to maintain mechanical properties (e.g. Stiff-

ness, creep resistance, strength) during and after being exposed to fire.

4.11 Mechanism of combustion

Second part of this chapter gives insight at the flame structure, macroscopic mechanism of
combustion and processes at molecular level, that are taking place inside polymers, thermal

degradation and pyrolysis

4.11.1 Flame structure
Flame (as seen in fig. 30) is made of three regions, from bottom to the top they are:

a. Solid flame region — Region where most of the heat is generated. Most of solid fuels
generate temperature between 830 - 900°C. Hydrocarbon fires and natural gas fires may
generate 1150-1250°C.

b. Intermittent flame region — Temperature of this region decreases higher up to tip of a
flame. It varies between 300 — 600°C.

c. Thermal plume — Region without visible flame, temperature drops with height. Contains

hot gases, vapours and particles that can be carried away by convection. [49]
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Fig. 30: Schematic of different zones in a flame.

4.11.2 Combustion cycle

Gas combustion is occurring inside solid and intermittent flame regions. Production of highly
active hydrogen radicals is undergoing in this process. These radicals combine with oxygen in

the flame and produce hydroxyl radicals:

H +0, > OH + O (1.1)
0 +H, » OH + H (1.2)
OH' + CO - CO, + H- (1.3)

Hydrogen radicals produced in reaction (1.2) and (1.3) are supplied back to the combustion

reaction (1.1) and make reaction self-sustaining.
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Fig. 31: Schematic picture of thermal decomposition mechanism [43].

Other gasses than the mentioned hydrogen radicals, such as: CO, CO, smoke and variety of
gases leave the combustion cycle. HRR as another product of the combustion is both directly

and indirectly fed back to the combustion. Scheme of this HRR feedback can be seen in fig. 31.

The heat flux that is entering the combustion from “outside” of the flame is dependent on the

location of the fire. If it is in enclosed compartment, the returning heat flux is greater as if the

fire was located in open air.
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S EVALUATION METHODS

In this chapter, all evaluation methods used to describe material properties will be discussed.

5.1 Cone calorimeter

Laser extinction beam including
temperature measurement

Temperature and differential pressure
ff-//_ measurements taken here

Soot sample tube location

Exhaust
blower

Exhaust
hood

%, Cone heater

-

= Ul

I Gas samples
taken here
Soot collection filter l

Controlled
flow rate

£ 4'_______._- Spark
igniter

‘—\_\_‘——
Sample

Load cell

Vertical orientation

Fig. 32: Scheme of the cone calorimeter [49].

Measurements performed with cone calorimeter were following international standard ISO
5660-1. Cone calorimeter (see fig. 32) is bench-scale instrument for measuring HRR and other
fire reaction properties of materials. Due to difficulty of direct and precise measuring of thermal
energy, HRR is not measured directly, but rather calculated with the principle of oxygen con-

sumption calorimetry. Equation used for HRR calculation is [52]:
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C () = (Bhe 4p _X6,~Xo,
q )= (ro ) (1’10)C\[; 1,105-1,5X0, (1.1)

Where (%) is equal to 13.1 MJ, C is calibration constant, Ap is orifice meter pressure differ-
o

ential, Te is the absolute temperature of gas at the orifice meter, X82 is initial value of oxygen
analyser reading, X,,is oxygen analyser reading, mole fraction of oxygen. The value of 1,10 is

the ratio of the molecular masses of oxygen and air.

The key principle states, that the heat of the combustion is proportional to the amount of oxygen,
needed for said combustion. It was experimentally established that for 1 kg of oxygen, approx-
imately 13.1 MJ (with £ 5% deviance) of heat is needed. [52] This value is constant for break-
ing similar bonds, hydrogen — hydrogen, hydrogen — carbon and carbon — oxygen of generic

fuels. Other fire reaction properties that can be assessed directly are:

a) Time to ignition

b) Time of sustained flaming

c) Effective heat of combustion
d) Smoke density

e) Soot yield

f) Mass loss rate

g) Yields of CO and CO; and other gases produced by combustion.

These fire reaction properties can be determined from single test, using relatively small speci-
men. Test specimens are burned in ambient air conditions, where the heat from 0 kW/m? to 100
kW/m? is subjected onto them. Specimens should be a good representative of the final product.
Shape of the specimen should be a square with sides of 100 mm and thickness from 5 mm to
50 mm. Side which comes to direct contact with irradiation should have flat and even surface.
The Burning process proceeds under heating element in a shape of cone (see fig. 33). Heat flux
up to the 100 kW/m? is thermostatically controlled by a radiant heater. This heater is an electric

rod, coiled into shape of truncated cone.
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Fig. 33: scheme of cone heater [52].

Tests can be performed in vertical or horizontal position. Steady air flow should be maintained
during the burning process, to force all combustible gas released by burning sample to flow up

through the exhaust system, where it can be analysed for its composition, toxicity and density.
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5.2 Rotational rheometry

Polyurethane as a thermosetting resin shows hardening, due to cross-linking reaction as was
already properly described in the chapter 1. For proper investigation of the cross-linking
kinetics and to ensure that reaction is not disrupted, rheological investigation upon oscilla-

tory shear mode was utilized.

In this study, temperature dependent behaviour, at constant oscillatory shear conditions was
examined. This test falls into oscillation rheometry category, and is also referred to as DMTA
dynamic-mechanical thermoanalysis. Basic principle of this measurement is explained by

the two plates model (see fig. 34)

Fig. 34: The two plates model [53].

The bottom plate is stationary while upper oscillating plate is connected to driving wheel.
The oscillating plate is moving forward and backwards with force = F in angle of = ¢ range,

and produces shearing, that deforms sample in length of + s. See fig. 35.

-F +F
- |[ o
S S
> =
Nel \ e/
Ve I,l \ ‘_*I

Fig. 35: Scheme of sample deformation during oscillating tests [53].
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In this study, main focus was aimed at complex viscosity n° [Pa.s], storage modulus G’ (or

elastic modulus) [Pa] and loss modulus G*’ (or viscous modulus) [Pa].

Storage modulus is expressed as

G' = (t4/va) " cOSS (5.1)
Loss modulus is expressed as

G" = (t4/74) " Sind (5.2)

Complex viscosity is expressed as

In*l =M%+ ")? (5.3)

Dependence of complex viscosity on time is important, because it shows the certain pro-
cessing window for the particular resin and its optimal flow, suitable for coating glass fibre
those act as reinforcement in composites e.g. when the fibres are easily impregnated by the

resin. This value of viscosity is noted as 1 min and it can reach two extremes. [53]

1) When 1 min is too low, resin might show creep, that results in inadequate edge pro-
tection.
2) When 0 min is too high, resin might not cover reinforcement evenly and create air

bubbles.

From dependence of G’ and G’’ on temperature, we can read temperature at which sol/gel
transition starts to occur (see fig. 36). At this point G’ = G’ and also damping factor tan 6 =

G /G’ =1.
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Fig. 36: Dependance of Storage and loss modulus on the temperature from the temperature

sweep measurement [54].

5.3 Flammability investigation according to UL-94

UL-94 is test of flammability for plastics used in devices and appliances, it is meant to indi-
cate if the response of material is adequate for its intended use. The test is performed in
laboratory conditions on specimens of specific sizes, length of 125 £ 5 mm and width of 13
+ 5 mm. The test may be performed in vertical or horizontal position. In this case vertical
position is chosen. Attention is given to specimens behaviour while in combustion and after
the combustion, time is measured from ignition to flameout and important events are noted
during testing for evaluation. The evaluation classifies the sample to categories V-0, V-1 or
V-2. Criteria for each of these categories are listed in table 5. The scheme of equipment setup

is shown in fig. 37.
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Fig. 37: Scheme of UL 94 Vertical burning test setup [55].

Tab. 5: Classification and their criteria for UL-94 [55].

Criteria conditions V-0 V-1 V-2
Afterflame time for each individual specimen
<10s <30s <30s
tiort;
Total afterflame time for any condition set (t;
<50s <250's <250s
plus t> for the 5 specimens)
Afterflame plus afterglow time for each indi-
vidual specimen after the second flame appli- <30s <60 s <60 s
cation (t2+t3)
Afterflame or afterglow of any specimen up to
) No No No
the holding clamp
Cotton indicator ignited by flaming particles or
No No Yes
drops
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5.4 Dynamic mechanical analysis (DMA)

DMA is providing description of mechanical properties of materials in reference to fre-
quency, time and temperature. During the measurement, the sample is subjected to oscillat-
ing mechanical stress or strain. The DMA records the value of the force amplitude, the dis-

placement amplitude and the phase difference between each of these values (see fig. 38).

The applied stress or strain must always be in range of linear elasticity of the material as it
is defined by Hooke’s law. Strain is always the product of stress and due to the viscoelastic
character of polymer materials, it always comes after the application of stress. Only in per-
fectly elastic materials is the strain immediate. The amount of lag between these values is
the phase difference, also called the phase angle 6. One of the important values that charac-
terises the material is the complex modulus M*, which is given by the ratio of peak stress
and peak strain. Complex modulus consists of two components, storage modulus M’ (the in-
phase component) and loss modulus M” (component out-of-the phase by 90°). Ratio of these
components represents the loss factor tan 9, also called as the “damping factor”. High value
of the tan o indicates that the material has high viscous component and low values then

shows that the material has higher elastic component [56].
Three possible distinctive behaviours of the sample can be then characterised:

a) Elastic behaviour, 6 = 0°. No loss of deformational energy.
b) Viscous behaviour, 6 = /2 (90°). Deformational energy is converted to heat.
¢) Viscoelastic behaviour, viscoelastic sample deformation is delayed to applied stress,

0<d<m/2.
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Fig. 38: Force and displacement at f= 1 Hz. Deformation is delayed to applied force by
time difference A. Phase angle 6 = 2nfA [56].

Formulas for values characteristic for DMA measurement:

o(t) = oysinwt= F,/Asin wt (5.4)
e(t) = g4 sin(wt + 6) = Ly/Lysin(wt + 6) (5.5)
M*(w) = a(t)/e(t) = M' sin wt + M" cos wt (5.6)
|M*| = 04/¢4 (5.7)
M'(w) = 0,/ cos & (5.8)
M"(w) = a,/¢€,sin8 (5.9)
tand = M" (w)/M'(w) (5.10)

5.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is technique used to analyse the thermal properties of pol-
ymers, or rather their thermal transitions. The measuring device (fig. 39) is based around
two pans, empty reference pan and sample pan with polymer. These pans are heated at the
same rate and the difference between heat flow in reference pan and the sample pan is rec-
orded. The measured data are used to determine various properties, heat capacity Cp, glass

transition temperature Tg, crystallization temperature T¢, melting temperature T or even
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determine the degree of crystallinity of the sample or the rate of reaction [57] [58].
- [

|| = PRTSensor _ |l
e

Platinum Alloy

Platinum
Resistance Heater

Another important characteristic parameter of polymers, which can be evaluated from DSC,

Fig. 39: Scheme of a DSC device [57].

is change of enthalpy AH [kJ] propagated by exo- or endo- thermal character of physical or
chemical reaction occurring in DSC measurement. The change of enthalpy is given by for-

mula 5.11:
AH = f;f CpdT  [KJ] (5.11)

Where Cp is the heat capacity of polymer and the temperatures T and T, are temperatures
in which the transition begins and ends, respectively. Enthalpy represents the area under the
peaks of recorded thermogram. On fig. 40, the ideal DSC curve is depicted for semi-crystal-

line polyolefin with its characteristic transitions.
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Fig. 40: Idealized DSC curve showing phase transitions of polyolefinic material [59].

5.6 Fourier-transform infrared spectroscopy (FTIR)

FTIR is a method that can be used to determine composition of a sample on a basis of their
capability to absorb infrared light of multiple wavelengths. Absorption of the infrared waves
is promoted as bond vibrations. These bond vibrations are classified as a valence vibrations

(symmetric and asymmetric stretching) and deformational vibrations ( — bending, p —rock-

ing, 6 — scissoring). [60]
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II. ANALYSIS
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6 EXPERIMENT

6.1 Materials

6.1.1 Polyurethane components

The isocyanate, Desmodur supplied by SM (Kunovice, Czech Republic). Polyols used in this
work are Letoxit AX437 manufactured and supplied by 5SM (Kunovice, Czech Republic).
Both, Exolit OP 560, the non-halogenated phosphorous polyol with density of 1,2 [g/cm?],
10 — 13 [%wt] of phosphorous content, with 400 — 500 [mg KOH/g] hydroxyl number and
viscosity up to 500 [mPa.s] and Exolit OP 560 is manufactured and supplied by Clariant
(Hurth-Knapsack, Germany)

6.1.2 Additive

Flame retarding additive used in this study was Exolit IFR 36, manufactured and supplied
by Clariant (Hurth-Knapsack, German). It is an intumescent flame retardant based on am-
monium polyphosphate, it is non-halogenated and it is effective through phosphorus /nitro-
gen synergism. Temperature of its decomposition is above 230 [°C], density is 1,8 [g/cm’],
it contains approximately 20 [wt%] and 15 [wt%] of phosphorus and nitrogen respectively.

Average particle size is approximately 12 [um].

6.2 Sample fabrication

Sample preparation was performed in vacuum mixer for 80 [s] with 150 [rpm]. Additive was
always added into the polyol, mixed for the first time, then isocyanate was added and mixed
for the second time. Same procedure was repeated for mixing samples with two types of

polyols.

Tab. 6: Mixing ratios of polyols and isocyanate

Polyol Letoxit AX 437 | Polyol Exolit OP 560 | Isocyanate Desmodur
100 0 114,3
90 10 114,7
80 20 115,1
70 30 115,5
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50 50 116,3
30 70 117,1
0 100 118,3

6.3 Sample preparation
Samples for FTIR were cut-outs from mould left after curing.

Samples for rotational rheometry were liquid PUR blends of corresponding composition ac-

cording to Table 7 left to cure during temperature sweep scan.

Samples for DSC were liquid PUR blends of corresponding composition according to Table

7 left to cure during dynamic scan.
Samples for DMA test were cut out from one extra UL94 sample using linear precision saw.

Samples for cone calorimeter were prepared by pouring liquid PUR blend into mold with
dimension of 100 x 100 x 6 [mm]. Curing reaction was carried out at 160 [°C] for 1 h.

Samples were in accordance with ISO 5660-1:2002 requirements.

Samples for UL94 test were prepared by pouring liquid PUR blend into mold with dimen-
sions of 125 x 13 x 4 [mm]. Curing reaction was carried out at 160 °C for 1 h. Samples were
prepared in accordance with UL94 requirements.

6.3.1 Sample denotation and composition

Tab. 7: Sample name and composition

Sample Letoxit | Exolit Exolit OP Des- Exolit IFR | Exolit IFR
name AX 437 | OP 560 | 560 [wt%)] | modur 36 [DSK] 36 [wt%]
AX IFR 0 100 - - 114,3 0 0
AX TFR
B 100 - - 114,3 10 9
10
AX TFR
B 100 - - 114,3 20 17
20
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AX_IFR
- 100 - - 114,3 30 23
30

AX_IFR
- 100 - - 114,3 50 33
50

AX_IFR
- 100 - - 114,3 70 41
70

AX_OP
- 90 10 5 114,7 . -
10

AX_OP
- 80 20 9 115,1 . -
20

AX_OP
- 70 30 14 115,5 . -
30

AX_OP
- 50 50 23 116,3 - -
50

AX_OP

30 70 32 117,1 - -
70

AX_OP
- 0 100 46 118,3 - -
100

The samples were denoted such as suffix IFR means that the Exolit IFR 36 is used as an
additive and suffix OP means that the Exolit OP 560 is used as a partial replacement of AX
437. The number behind the name represents the amount of additive added on top of the 100
% matrix in the case of Exolit IFR 36, or partial amount of polyol AX 437 replaced with
Exolit OP 560.

6.4 Experiment methodology

6.4.1 FTIR

FTIR spectroscopy was done with Nicolet iS5 spectometer equipped with iD5S ATR module

with germanium crystal. Total of 64 scans for each sample was performed.
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6.4.2 Rotational rheometry

Measurement was performed with Anton Paar rotational rheometer. Temperature sweep
from 25 [°C] to 150 [°C] at the heating rate of 5 [°C/min] was performed. Frequency was set
to 1 Hz and amplitude was 0,5 % was used. Gap between measuring plates was 1 [mm)].
Measurement was performed on Peltier cell with measuring system that has round plate con-

tact plane of 25 [mm)] diameter.

6.4.3 Dynamic scanning calorimetry (DSC)

DSC measurement was performed on Mettler Toledo equipment. Dynamic scan was used,
in which temperature profile started at 25 [°C] and ended at 250 [°C] with heating rate of 10
[°C/min]. Reaction enthalpy and normalized enthalpy to weight of the sample was recorded

and evaluated.

6.4.4 Dynamic mechanical analysis (DMA)

Tension mode, where all measurements were performed at linear viscoelastic region. This
region varied from 0.01% to 5%. Then the temperature sweep tests were performed from 30
[°C] up to 220 [°C] with heating rate 3 [°C/min] to show the mechanical performance of the

prepared composites as well as changes in glass transition temperatures.

6.4.5 Cone calorimetry

Cone calorimetry was performed on FTT cone calorimeter in horizontal position with 25
[mm] separation between cone heater and sample surface. Heatflux was set to 50 [kw/m?]
and was radiated on a surface of 100 [cm?]. Pre measurement calibration measurement itself
was carried out as described in ISO 5660-1:2002. Samples prepared for this test were also
in accordance to ISO 5660-1:2002.

6.4.6 ULY%4

This test was performed on samples of 12,5 x 1,5 % 0,3 [cm]. Bunsen burner set to UL94
standard was applied for 10 seconds and then removed from beneath the sample. Right after
the self-extinguishing of the samples, the flame was applied for another 10 seconds and then

removed. Times of flaming combustion and smouldering combustion were recorded.
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7 RESULTS AND DISCUSSION

7.1 FTIR

In order to confirm the presence of the various additives in the PUR samples, FTIR spec-
troscopy investigation was performed. As can be seen in the Fig. 41, the Exolit IFR 36 ad-
ditive shows typical and in fact very important peaks at 886 cm™ and 1054 cm™ correspond-
ing to the P-O-C absorption band typically visible in various intumescing systems. Moreover
the peak at 3222 cm™! shows also presence of nitrogen containing groups those are also very
important in the case of improvement behaviour during burning. The prepared composites
showed in Fig. 41 provide increased intensity of the peaks corresponding to P-O-C absorp-
tion bands, confirming the increased amount of the additive in the system, only slight in-

crease is visible in case of peaks corresponding to nitrogen containing groups at 3222 cm™'.

—— AX_IFR_10

——AX_IFR_30
~ ——AX_IFR_70
> e
O i
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(] . =
- i
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O :
— :
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3 — AX_IFR_0
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N -./‘-"'/_%:’__\k
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1
Wavenumber (cm' )

Fig. 41: FTIR spectra of the samples containing various amount of the Exolit IFR 36 addi-

tive.

In case of PUR systems with Exolit OP 560 polyol Fig. 42, the situation is very similar to
the previous system. This type of polyol shows the presence of the both nitrogen (3383 cm”
1 and phosphorus containing groups (1030 cm™ and 890 cm™). If the amount of the polyol
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increase also the peaks intensity increases thus the incorporation of this polyol was success-

fully confirmed. In both cases, only selected concentrations (smallest, middle and highest)

were chosen for presented investigation due to the fact that utilization of whole systems,

might be rather unclear for understanding.

Absorbance (a.u.)

——AX_OP_10

— Exolit OP 560 \
AX_IFR_O L

| 3383

sty A
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Wavenumber (cm™)

Fig. 42: FTIR spectra of the samples containing various amount of the Exolit OP 560 lig-

uid polyol.
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7.2 Rotational rheology
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Fig. 43: Record of temperature sweep measurement on sample AX IFR 0
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Fig. 44: Record of temperature sweep measurement on the sample AX IFR 10
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Fig. 45: Record of the temperature sweep measurement on the sample AX IFR 20
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Fig. 46: Record of the temperature sweep measurement on the sample AX IFR 30
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Fig. 47: Record of the temperature sweep measurement on the sample AX IFR 50
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Fig. 48: Record of the temperature sweep measurement on the sample AX IFR 70
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As can be seen from these measurements (fig. 43 — 48), the largely increasing amount of
powder additive is increasing the starting and minimal value of complex viscosity n*. While
sample AX IFR 0 (see fig.41), AX IFR 10 (see fig. 43) and AX IFR 20 (see fig. 44) have
their Nmin in the range of 1,16 to 1,35 [Pa‘s] and nsar from 2,34 to 4,29 [Pa's], samples
AX TFR 30, AX IFR 50 and AX IFR 70 have their Nmin in the range from 2,27 to 7,27 [Pa-s]
and Nstare from 4,54 to 9,97 [Pas]. These results show that from 30 [DSK] content, the addi-
tive starts to have a significant impact on the processability. Numerical results can be seen

in the Tab. 8 below.

10° .
410
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. —— Storage modulus
10 Loss modulus 10°
Complex viscosity
—_— 3
D;\z 10 -a-
— H{10° O
o =
n 10° &
4 10’
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n,,,=163[Pas]
Gelation point at T = 107 [°C] 3 10°
10 +—br————r——rT"TT
20 40 60 80 100 120 140 160

Temperature [°C]

Fig. 49: Record of the temperature sweep measurement on the sample AX OP 10
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Fig. 50: Record of the temperature sweep measurement on the sample AX OP 20
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Fig. 51: Record of the temperature sweep measurement on the sample AX_ OP 30
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Fig. 52: Record of the temperature sweep measurement on the sample AX OP 50
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Fig. 53: Record of the temperature sweep measurement on the sample AX_ OP 70
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Fig. 54: Record of the temperature sweep measurement on the sample AX_ OP 100
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From data in Tab. 8 and Figs. (49-54) can be seen that, the replacement of AX 437 by OP 560

lowers the starting viscosity and minimal viscosity. Sample AX OP 30 does not fall into this

trend (see fig. 51). This might be caused by difficulties in measuring storage modulus at the

beginning of the measurement. Complex viscosity and temperature of gelation is decreased

to the point of 50 % replacement of AX 437 by OP 560 (see fig. 50). For AX OP 70 (see

fig. 53) the starting n* is higher than in neat AX IFR 0, but the minimal n* is still lower.

Temperature of gelation is increased to 112 [°C]. For AX IFR 100 (see fig. 54) all viscosities

are higher, especially the minimal n* is doubled (2,72 [Pa‘s]. Gelation point reached point

of 133 [°C].
Tab. 8: All measured values of Nstart, Nmin and T,
Sample N*start [Pacs] N*min [Pa-s] Tsg [°C]
AX_IFR 0 2,34 1,34 106
AX_IFR 10 4,29 1,16 104
AX_TIFR 20 2,41 1,35 107
AX_TIFR 30 4,54 2,27 101
AX_IFR 50 6,97 5,04 99
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AX IFR 70 9,97 7,27 98
AX OP 10 1,63 0,87 107
AX OP20 1,20 0,58 102
AX OP 30 2,29 1,33 106
AX OP S0 1,69 0,67 101
AX OP 70 2,46 0,98 112
AX OP 100 3,67 2,72 133

7.3 DSC

Tab. 9: Measured change of enthalpy and peak characterizing temperatures

Sample Weight AH AHnormalized Tonset Tpeak Tendset
[mg] [mJ] [J/g] [°C] [°C] [°C]
AX IFRO 523 1167 223 31 57 94
AXI—;FR 6,31 1557 247 32 57 115
AX3—;FR 3.13 611 191 28 55 135
AXS—;FR 3,57 858 240 25 58 134
AX7—;FR 3,18 722 227 25 89 133
Welght AH AHormalized Tonset Tpeak Tendset
Sample P
P [mg] [mJ] [J/g] [°C] [°C] [°C]
AX OP10| 2,66 776 292 30 59 122
AX OP20| 7,03 1032 147 35 63 106
AX OP30 3,40 1194 351 33 65 122
AX OP50 | 5,12 1146 224 30 74 127
AX OP70 635 2520 397 35 76 125
A’fa(?P 6,44 1186 184 29 84 124
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Sample: AX_IFR 0, 5,2300 mg

Sample: AX_IFR 10, 6,3100 mg

Sample: AX_IFR 30, 3,1900 mg

—=

Sample: AX_IFR 50, 3,5700 mg

i Sample: AX_IFR 70, 3,1800 mg
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Fig. 55: DSC measurement curves for AX IFR set of samples

From the Fig. 55 and Tab. 9 it is evident, that increasing concentration of Exolit IFR 36
lowers the onset temperature of curing reaction. Peak and endset temperature is increased
and that can be seen from the Figure 55 too, as the peak broadens and shifts towards higher
temperatures. Normalized change of enthalpy AH does change only marginally and stays in
the same range of 191 — 247 [J/g]. Interesting is the signal of endothermic reaction that in-
creases in its intensity as the concentrations increasing. This signal is presumably caused by
melting of the organic Exolit IFR 36 additive, which is in a crystalline form. Additionally,

this signal might influence the endset temperatures of measurement.
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Fig. 56: DSC measurement curves for AX OP set of samples

From data in Tab. 9 and from Figure 56, a change of peak temperature is clearly seen. As
the amount of OP 560 increases and replaces AX 437, Tpeak 1s increasing from 59 [°C] in
AX OP 10 to 84 [°C] in AX_ OP 100. Onset and endset temperature does not change signif-
icantly, only AX OP 20 appears to be out of trend in terms of these temperatures and nor-

malized change of enthalpy.

7.4 DMA

In order to investigate the impact of the various additives on the mechanical properties, the
dynamic mechanical analysis was performed. All samples have relatively similar perfor-
mance at room temperature, while with the temperature increase the behaviour is miscella-
neous. As can be seen in the Fig. 57, the lowest mechanical performance was obtained for
neat PUR matrix (AX IFR 0). Interestingly, the highest mechanical performance was ob-
tained for sample containing only 10 DSK of Exolit IFR 36 additive and with further in-

creasing content the mechanical performance, due to the most probably worse additive dis-
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pergation, signiggicantly decreased. The worse dispergation results in the bigger agglomer-
ates those acting as a stress concentrators and thus the considerable disintegration of the
prepared samples was achieved. If we also consider, that glass transition temperature can be
evaluated as a inflex point of the dependence of storage modulus on the temperature, the
highest glass transition was observed for sample AX IFR 10 while neat PUR matrix
(AX_IFR 0) and AX _IFR 70 show the lowest ones

—=— AX_IFR 0
0oL —a—AX_IFR 10
f AX_IFR 20
—<—AX_IFR 30
‘©  10%L —e— AX_IFR 50
% : —+— AX_IFR 70
oy 10"
107k
10'1 ! | 1 | " 1 1 1 i |
0 50 100 150 200 250

Temperature [°C]

Fig. 57: Dependence of the storage modulus on the temperature for various samples con-

taining Exolit IFR 36 additive.

Very similar behaviour was observed also in the case of samples containing the Exolit OP
560 liquid additive (Fig. 58). In this case, even at room temperature there are significant
differences between the prepared samples. The best performance can be seen for neat PUR
matrix, however, with increased temperature the PUR matrix loosen its performance very
quickly. Also in this case the 10 % of additive OP 560 lead to best mechanical performance,
however lower than for 10 DSK of IFR 36. Further increase of additive content just causes
the significant decrease in mechanical performance and sample AX OP 100 shows the worst
properties from all investigated samples. The glass transition temperature following the stor-

age modulus results similarly as in the previous case of IFR 36 additive.
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Therefore, can be concluded, that utilization of various additives can provide tunability of

the mechanical properties and also certain reinforcement, especially at elevated temperatures

and when balanced composition of the final system will be achieved.

10°
2
ol 10
o
=
10
L
10°
10"
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—A— AX_OP_20
—<«— AX_OP_30
AX_OP_50
—e—AX_OP_70
—#— AX_OP_100
—=—AX_IFR 0

50

100

150

Temperature [°C]

200

250

Fig.58: Dependence of the storage modulus on the temperature for various samples con-

taining Exolit OP 560 polyol liquid additive.

7.5 Cone calorimeter

Tab. 10: Important numeric results of cone calorimeter measurement

Sample IFR36 | TTI MARHZE mealzl SEA TSzP mean MLR | TSF
[Wt%] [s] [KW/m’] [m~/kg] [m’] [g/s] [s]
AX IFR 0O 0 16 373,51 567,96 27,6 0,0956 509
AX IFR 10 9 33 240,99 470,15 25,0 0,0671 787
AX IFR 20 17 23 274,92 656,87 39,0 0,1139 687
AX IFR 30 23 27 229,72 637,29 36,7 0,0767 753
AX IFR 50 33 26 191,33 647,27 33,7 0,0714 729
AX IFR 70 41 29 197,08 557,28 29,9 0,0670 801
Sample OP 560 | TTI MARHE mean SEA TSP | mean MLR | TSF
[Wt%] [s] [KW/m’] [m’/kg] [m’] [g/s] [s]
AX OP 10 5 23 334,42 702,00 40,3 0,0878 652
AX OP 20 9 21 345,93 826,99 44 4 0,0734 729
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AX_OP 30 14 23 322,99 842,21 48,1 0,1083 527
AX_OP 50 23 21 295,29 830,11 48,8 0,1137 519
AX_OP 70 32 22 320,21 767,57 45,0 0,1194 493
AX _OP 100 46 29 397,63 39,80 38,3 3,5572 361
400 ——AX_IFRO
AX_IFR 10
350 ——AX_IFR 20
—AX_IFR 30
300 —— AX_IFR 50
NE ~
S 200
<
w 150
T
o
<C 100
50
0
| | | 1
0 300 600 900
Time [s]

Fig. 59: Average heat release rate in time for AX IFR set of samples
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Fig. 60: MARHE values for increasing amount of IFR 36 in matrix

From the numerical and graphical results (see Tab. 10 and Fig. 59), it is evident, that the
flammability of the samples reduces with addition of Exolit IFR 36. With very high filling
of I[FR 36, the MARHE value was lowered by 50% and in the case of all filled samples, the
peak shifted right towards the longer time (see Fig. 59). The heat release is diminishing, even
though the AX IFR 20 has MARHE value out of the trend (see Fig. 60). From the heat
release point of view, the AX IFR 10 from its set did not have the lowest MARHE value
but the difference from AX_IFR 70 is only about 50 kW/m?.
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Fig. 61: mean SEA measured for AX IFR sample set

Fig. 62: Remains of sample AX IFR 10

Important is the aspect of the intumescence, as the AX IFR 10 was the only sample that
managed to perform its intumescing effect as it was supposed to. This was cause mainly due
to the proper additive dispergation as was already confirmed from mechanical investigation.
The sample has grown up around 7,5 cm (see Fig. 62) while other samples charred but did

not grow. This has important impact on the value of SEA, which characterizes the smokiness
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of the sample. AX_IFR 10 had the lowest value of mean SEA (470,15 m?/kg) from the whole
Samples AX IFR 20, 30, 50 have highest SEA values, even preceding the neat AX IFR 0
(see Tab. 10 and Fig. 61). The AX IFR 70 has value of SEA in the same range as before
mentioned AX IFR 0. This might be the result of less matrix content in the sample compared

to the previous samples.

—AX_OP 10
400 - —AX_OP 20
1 AX_OP 30
350 —AX_OP 50
1 —— AX_OP 70
300 ——AX_OP 100
| —AX_IFRO
__ 250 1 =
£ 200 -
]
L 150 +
T
= |
<C 100
50
0+
| ! | ! | ! |
0 300 600 900
Time [s]

Fig. 63: ARHE in time for AX OP sample set with AX IFR 0 for reference.
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Fig. 64: MARHE values for increasing amount of OP 560. Black point represents AX IFR

0 for reference

The results of ARHE for AX OP set of samples show that compared to the neat AX IFR 0,
all samples but one are reducing the released heat and also shift the peak towards the higher
time (see Fig. 63). AX OP 100 scored higher value in MARHE than AX IFR 0. From heat
release point of view, the AX OP 50 has the lowest MARHE value of this set. Smaller con-
centrations of OP 560 are not as sufficient and higher concentrations have opposing effect
of raising this value (see Fig. 64). Therefore, only the optimized amount of the flame retard-

ant is efficient enough to provide the enhanced flammability resistance.
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Fig. 65: mean SEA measured for AX OP sample set with black point representing
AX IFR 0

From SEA evaluation, results for AX OP 100 are misleading (see Tab. 10 and Fig. 65),
because during the measurement, the combustion reaction did become violent to a point
where the measurement had to be terminated by lowering the sample from the cone heater.
This sample released high amounts of smoke that did not flow into exhaust system but into
to laboratory. This result is not to be taken into account. The other samples are “smokier”
than the neat AX IFR 0 too and in terms of smoke suppression, they did not prove to be
sufficient in any concentration. All samples from this set did expand, on the Fig. 66 remains

of the sample AX OP 50 are shown.
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Fig. 66: Remains of AX OP 50

In regards to the time of sustained flaming (see Tab. 10), from the set of AX IFR, the

AX IFR 10 achieved the longest time of burning almost 5 minutes longer than AX IFR 0.
From the set of AX OP, the AX OP 10 achieved the longest combustion in 729s, which is
almost 4 minutes more than AX IFR 0. The worst result is achieved by AX OP 100, whole

process of burning took only 6 minutes, that is around 2 minutes and 30 seconds less than

neat AX_IFR 0.

7.6 UL94

Tab. 11: Recorded times and events from UL94 test for AX IFR set. With classification.

Sample AX IFR 0 AX TFR 10 AX TIFR 20
11234 |5(1]2|3(4|5|1|2|3|4]|5
t1 721757117371 |5|7|6]6[5]0|1]0]|1]0
t 3713913638373 |4]|6|5|5(1]0]0|1]1
t3 81516 |86 |3 (112|113 |1]|2]1
t1 + t2 whole set 549 52 5
ta+t3 45144 142 (46 (43|16 |5 |7 |7]|6(2]|3]1]3]|2
Fire at clamping point |yes|yes|yes|yes|yes|no|no |no | no|no|no|no|no|no|no
Wool fire no [ no [ no | no | no (no (no |[no |no|no|no|no|no|no|no
Classification _ V-1 V-0
Sample AX IFR 30 AX IFR 50 AX IFR 70
1 (2|3 |4|5(1|2|3|45|1(2|3|4/|5
t1 0[0j0|0|0O]0OIO0O]O]O|Of(O]O]O|O0O]O
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t2 11]0 1 0 00 010
t3 121 211121110 0(0 (1|1
t1 + t2 whole set 5 2 1
tr+t3 20314321211 |1]0]1]1]1]60
Flame at clamping point| no | no | no | no | no [no [no |no |no [no |no |no|no |no|no
Wool fire no | no | N0 | N0 | NO |[NO [NO |NO | NO [NO [ NO | NO | O | NO | NO
Classification V-0 V-0 V-0

Tab. 12: Recorded times and events from UL94 test for AX OP set. With classification.

Sample AX OP 10 AX OP 20 AX OP 30
12|34 |5|1|2[|3[4|5(1]2(3|4|5
t1 46 (44 (1421421445 |5 |4 |54 14|3(3]3]3
t2 25121125(23(21|14|16|4(4]|4]0(2]0]1]2
t3 4 1314131423 (33421 2]1]1
t1 + t2 whole set 333 45 21
trt+ts 29124129126(2516 |9 |7 |7 |8(2|3]2|2|3
Flame at clamping point | no [ no | no | no | no |no |no |no | no |no |no [no | no | no | no
Wool fire no | no | no | no | no |no [no |no | no |no|no |no no |no |no
Classification  |[ONUOICISSIcation| V-0 V-0
Sample AX _OP 50 AX OP 70 AX _OP 100
12|34 /5|1[{2[3[4|5(1(2(3|4 |5
t1 o;(141{0}1(0(0|0]0|0]0]{0]0]01]0
t L{1|1{1}(110j0]0]0]0]2|1]2]1]|1
t3 203 (212 (1121|2023 |1|1]1
t1 + t2 whole set 8 0 7
tr+t3 314133121 (12|1]2|0]4(4[3]2]2
Flame at clamping point | no | no | no | no | no |no |no [no [ no |no [no (no |no | no | no
Wool fire no [ no | no | no | no [no |no |no |no |no |no |no |no |no |no
Classification V-0 V-0 V-0

In the case of the UL94 test of flammability majority of samples from both sets achieved the
best rating V-0 (see Tab. 11 and Tab. 12). These samples attenuated and stopped their flam-
ing right away or in a few seconds after removing the flame source. Smouldering combustion
was quenched also right away or after a few seconds. Neat PUR matrix (AX IFR 0) and
AX_OP 10 did not passed classification in UL94. Flames burning the AX IFR 0 climbed up

to the clamping point, which renders not possible for any classification in UL94 vertical
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ratings and also the time of combustions were too long. AX OP 10 did not pass solely be-
cause of the long combustion times. Another sample that did not pass for the perfect score
was AX_IFR 10, this sample missed the V-0 classification by 2 seconds and falls into the
second category, V-1.
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CONCLUSION

In this thesis, two sets of six samples of Polyurethane matrix filled with additive intumescent
flame retardant Exolit IFR 36 and reactive flame retardant polyol Exolit OP 560 were pre-
pared. Basic characterization of the samples was done with FTIR spectroscopy to show that
increase amount of the individual additives in the proposed formulations are in good corre-
lation with increasing intensity of the specific absorption bands for flame retardant additives

in the presented spectra.

From rotational rheometry results it can be assumed that the increasing amount of Exolit IFR
36 raises the starting and minimal complex viscosity n*min. The most significant impact on
processability is occurring from loading of 30 DSK (23 wt%) and above, in term of viscosity
and sol — gel transformation temperature. Therefore, the suitable additive concentration for
processing is 10 and 20 DSK. In set of AX OP samples have relatively small n*min = 0,58 —
1,33 Pa-. The only difference is with AX OP 100, that has N*min = 2,72 Pa-s. The rest of the

samples from this set show promising values from the processability point of view.

Comparative characterisation method for reaction kinetics was DSC in which the impact of
the additive on kinetics of the curing reaction was investigated. It was found out, that the
change of enthalpy AHnormalized has maximum difference of 14 % (for AX _IFR 30) in relation
to neat PUR matrix AX IFR 0. Onset temperatures Tonset did decrease with more concentra-
tion of IFR 36. Tpeak increased only for the AX IFR 70. Endset temperature has increased
from 94 °C to 133 °C. This information might be misleading, because this value is affected
by the melting peak that occurred around 130 °C in all samples filled with IFR 36. Signal of
this peak increases with the concentration of IFR 36 in samples. Presumably this signal is a
consequence of crystalline form of ammonium polyphosphate on which this intumescing

flame retardant is based on.

For set of AX_ OP samples the changes in AHnormalized are more evident, but there is no sig-
nificant trend in measured data. The most affected property is Tpeax that increased with ad-

dition of OP 560, which can be a consequence of addition of liquid polyol additive.

To evaluate mechanical properties of fabricated material, the DMA was used. In set of
AX TFR samples, the worst mechanical performance was obtained by neat PUR matrix
AX TFR 0, while the best ones were found for AX IFR 10 and a trend that shows that the
increasing amount of IFR 36 significantly influencing the mechanical properties, due to the

presence of the high additive content and most probably bad additive dispergation. AX OP
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set shows that even at the room temperature, the samples have different behaviour, and these
differences are even pronounced at elevated temperatures. The sample AX_OP 10 shows the
best mechanical performance from this set. Just as in previous case, further addition of OP
560 decreases the mechanical properties of matrix, most probably due to the poor incorpo-
ration of the liquid polyol. Therefore can be concluded that possible tunability of mechanical

performance with utilizing both IFR 36 and OP 560 can be achieved.

In cone calorimetry measurement of heat release, the best result belongs to the AX IFR 10
from set of [FR 36 filled PUR matrix. Only this sample shows significant intumescing effect,
has longest TTI and therefore best resistivity to fire, mean MLR is lowest in this set just as
mean SEA. MARHE value is not the lowest but in comparison to the lowest value obtained

by AX IFR 70 the difference is marginal.

In AX OP set, the MARHE result is best for the AX OP 50. Trend shows that the MARHE
value decreases right to this amount of used OP 560, further addition increases this value.
Intumescing effect in these samples was present but not significant. Mean SEA values are
high, exceeding even the neat AX IFR 0. Time of sustained flaming for samples in this set

is smaller than for those from set of AX IFR.

The last characterisation of material was done by the standard UL 94 method. In this test
two samples, AX IFR 0 and AX OP 10 did not achieve any classification. One sample
AX IFR 10 obtained V-1 classification, and the rest of the samples obtained V-0 classifica-

tion.
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LIST OF ABBREVIATIONS

PUR — Polyurethane

THF — Tetrahydrofuran

PTMEG - polytetra-methylene ether glycol
PBT — polybutylene terephtalate

DMC — dimethyl carbonate

PC — polycarbonate

TDI — toluene-based isocyanate

MDI — aniline or formaldehyde-based isocyanate
pMDI — polymeric form of MDI

HDI — hexamethylene diisocyanate

IPDI - isophorone diisocyanate

H12DI - 4,4’-diisocyanatodicyclohexylmethane
HCN - hydrogen cyanide

MDA - 4,4'-Methylenedianiline

pMDA — polymeric form of MDA

HS — hard segment

SS — soft segment

FRS — flame retardant system

HFR — Halogen flame retardant

HRR — Heat release rate

ARHE — average rate of heat emission
MARHE — maximum average rate of heat emission
SEA — Specific extinction area

MLR — Mass loss rate

TSP — Total smoke produced
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ATH — alumina trihydrate

MDH — magnesium hydroxide

BFR — bromine flame retardant

CFR — chlorine flame retardant

TBBPA - tetrabromobisphenol-a

ABS — acrylo butadiene styrene

HIPS — high impact polystyren

PBDE — polybromodiphenylether

EU — European union

HBCD - hexabromocyclododecane
TBPA — tetrabromophtalic anhydride
DP — Dechlorane plus

PFR — phosphorus-based flame retardant
APP I — Ammonium polyphosphate type 1
APP II — Ammonium polyphosphate type 2
IFR — intumescent flame retardant

Mel — Melamine

EG — expandable graphite

MPP — melamine polyphosphate

PE — polyethylene

LDPE — low density polyethylene
HDPE — High density polyethylene

PP — polypropylene

PVC — polyvinylchloride

HCI - hydrochloric acid

PET — polyethyleneterephtalate
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PMMA — Polymethylene metacrylate
POM - polyoxymethylene

PC — polycarbonate

TGA — thermogravimetric analysis
PTFE - polytetrafluorethylene

MMT — montmorillonite

M, — molecular weight

C — calibration constant obtained from methane flow calibrtion for cone calorimeter

X, — initial amount of oxygen

X, —amount of oxygen at given time

Ap - Pressure difference at the orifice of cone calorimeter exhaust

T - total temperature at the orifice
g (t) — Heat flow

Ahc — net heat of combustion

I, — stoichiometric oxygen/fuel ratio
CO — carbon monoxide

CO; - carbon dioxide

n" - complex viscosity

G’ - storage modulus

G’ - loss modulus

Cp— heat capacity

Ty — glass transition temperature
Tm—melting temperature
Tc—crystallization temperature

Tsg - gelation temperature

DSC — dynamic scanning calorimetry
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DMA — dynamic mechanical analysis

AH — change of enthalpy
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