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Preface

Flame retardant is one of the basic strategies for disaster prevention and mitigation
and also a major initiative in environmental protection and improving the quality
of life. Nearly for half a century, scientific experiments and practical experience
have shown that the benefits brought forward by flame retardant (in particular in
the aspect of ensuring personal safety) to the society cannot be underestimated.
Continuously improved safety performance of consumer goods is the due commit-
ment that manufacturers ought to make for consumers and is also a sign of social
civilization and progress. For example, the EU has made “fire safety” as one of the
six necessary prerequisites for commodity circulation in the markets. In recent
years, China has also provided great importance to the application and develop-
ment of flame retardant technology and issued a number of regulations on flame
retardant enforced by the country, such as “Combustion Performance Requirements
and Signs for Flame Retardant Materials and Components in Public Places”
(GB20286-2006), and so on. Currently, the severe fire disaster situation, strict flame
retardant and environmental protection regulations have also promoted the sus-
tainable development of flame-retardant science.

For nearly 50 years, the research and development, production and application
of flame-retardant materials in China have drawn attention from the relevant interna-
tional counterparts. In terms of the annual average growth rate of production capac-
ity, flame-retardant materials have been far ahead in four global markets of the same.
In terms of total production capacity of flame retardants, in 2008, Chinese global
market share has accounted for 10%. However, flame-retardant industry is still facing
very urgent and arduous tasks in the aspects of transformation of economic develop-
ment mode and updating products species. Nowadays, with the growth of environ-
mental requirements, the development direction of flame retardants and flame
retardant materials should be transferred from mainly halogen-oriented family to
(low) nontoxic, low-smoke, low or high polymerization directions. Therefore, new de-
signs of new green molecular structures and new material formulations are required.
Workmanship in production processes needs to be adjusted and more in-depth stud-
ies of flame-retardant mechanism are also required. These aspects require certain
theoretical guide and references which is the first purpose of compiling the book.

Second, for more than 10 years, the authors and their team have published 12
translations and over 300 papers on flame retardant. In addition, most of the aca-
demic colleagues of the authors have published valuable and prospective books.
Moreover, numerous domestic journals about flame retardant have been pub-
lished. The above works covered flame-retardant mechanism but scattered in vari-
ous materials. In the beginning of 21st century, academic books and papers in the
field of international flame retardant were published one after another. During
2003-2011, Dr. Weil, New York Polytechnic University, and Dr. Levchik, Supresta
LLC - IP from the United States, coauthored at least 12 comprehensive, systematic,
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and forward-looking feature reviews, covering the flame-retardant polyolefin, flame-
retardant polystyrene (PS) and high impact polystyrene(HIPS), flame-retardant
polyamide(PA), flame-retardant thermoplastic polyester, flame-retardant polycar-
bonate(PC), flame-retardant polyurethane(PU), flame-retardant unsaturated poly-
ester, flame-retardant epoxy resin, smoke suppression of Polyvinyl chloride(PVC),
flame-retardant textiles and flame-retardant coatings, and other important as-
pects. As for books on flame retardant, five English books were published from
2009 to 2011, namely, Hall and Kandola, editors of Retardancy of Polymetric Materials
(2010); Wilkie and Morgan, editors of the Fire Retardancy of Polymetric Materials
(2010); Weil and Levchik, editors of Flame Retardants for Plastics and Textiles (2009);
Merlani, editor of Flame Retardants: Functions, Properties and Safety (2010); and
Mittal, editor of Thermally Stable and Flame Retardant Polymer Nanocomposites
(2011). To understand the state of the art and the prospect of production, research
and development of global flame retardants and flame-retardant materials, these
works have not only provided informative information for researchers in the area of
flame retardant but also contained world-famous scholars’ recent contributions for
the theory of flame retardant. These novel theories are also distributed in various
books. Many literatures have provided innovative and abundant information to the
authors, whether within the country or abroad. Thus, it has been possible for the
authors to systematically organize and deepen the materials, with their experience,
in the process of scientific research, teaching, research and development, production
and application, and to share with colleagues benefit the readers.

Third, so far, there are few comprehensive and systematic books about the
flame retardancy theory both in China and the rest of the word. When the authors
exchanged experience with R&D staff, production technicians and academic re-
searchers on the research and production, as well as writing papers, they all
thought that the flame-retardant theory is very helpful in terms of opening their
thoughts for R&D, improving production processes and the quality of the papers.
So, the authors were preparing to write this book for years, which may be beneficial
to many aspects mentioned above and may fill a vacancy of numerous publications
on flame retardant from both home and abroad as well.

The book has adopted the latest data and materials to complete a comprehensive
content. Characterized by a certain depth in the theory and a relative high starting
point, the book is also clear and concise as well. Hopefully, it can cater for people
with different tastes and provide readers guide and references on flame-retardant
reaction processes study, designed by molecular structures and formulations of
flame-retardant materials.

On the occasion of publishing this book, first, the authors would like to thank
all the authors who provided detailed referential literatures to help finish the book,
without whom, the book would not have been finished. Special thanks also go to a
number of doctoral students of Ou Yuxiang, whose research findings enriched this
book. The authors also thank Science Press for its great kindness and help,
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especially the executive editor and associated personnel who worked with them to
publish the book smoothly through harmonious and close cooperation. Finally, sin-
cere thanks are extended to Dr. Ye Nanbiao, Dr. Li Wenda, Dr. Tang Lei, Dr. Peng Li
and Dr. Su Yujun of Kingfa Sci. and Tech. Co., Ltd. for their valuable help, which
undoubtedly improved the quality of this book.

The authors spent several years to compose the book, several times revised and
updated the manuscripts and reviewed the book repeatedly. In particular, the au-
thors constantly supplemented new materials to enrich and update the contents
and tried to minimize mistakes as well. But due to the limitations of the authors’
academic levels and time, the flaws and omissions in the book are inevitable. So,
we welcome criticisms and suggestions from readers.

Li Jianjun, Ou Yuxiang
March, 2018, Guangzhou, China
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1 Polymer combustion

Generally speaking, the combustion process of polymers can be divided into five
stages (Figure 1.1) [1] in time, which includes thermal decomposition, ignition,
propagation, stable combustion and combustion attenuation. At the same time,
these five stages can also be separated in space, such as surface-heating area,
condensed phase transformation area (decomposition, crosslinking, carbonization)
and vapor-phase combustible combustion area. Figure 1.2 shows the unit model of
polymer combustion [2].

Due to their characteristics, there will be some special thermal behaviors of
polymer during the heating procedure, such as glass transitions, softening, melting,
expansion, foaming, shrinkage, etc [3].

In this chapter, we will not only explain the five stages of polymer combustion
but also analyze the smoke, toxic and corrosive products produced during the
combustion procedure to provide some theoretical foundations for the discussion
of the flame-retardation mechanisms of polymers.

1.1 Thermal decomposition
1.1.1 Overview

When the thermoplastics were heated, evaporation and pyrolysis of the solid phase
were considered to be confined to a thin layer, namely condensed-phase/vapor-
phase interface. Generally, when the polymer is heated, it will be first thermally
degraded into pieces or monomers or fragments with low-molecular weight, and the
escape rate of the latter is concerned with the mass transfer process [4, 5].

The thermal decomposition of polymers is the first step for the cause and develop-
ment of combustion, and it is very important for estimating the reaction of materials
to fire, synthetizing heat-resistant polymer and recycling waste polymer.

When an external heat source is put on the material, the material temperature
gradually rises. An external heat source may be produced directly from the flame
(by radiation and convective heat transfer), the hot vapor (by conduction and
convection heat transfer) and the hot solid material (by heat conduction).
When heated, heating rate of material not only depends on external heat flow rate
and temperature difference but also is related to specific heat capacity, thermal
conductivity and carbonization, evaporation and other changing latent heat of the
material.

Under the intense radiation near the hot objects, the surface of polymer will be
heated rapidly, and its temperature rises with the square root of thermal radiation
time. Taking polyethylene (PE) as an example, when the radiation intensity is

https://doi.org/10.1515/9783110349351-001
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Figure 1.1: Five stages of polymer combustion [1].
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Figure 1.2: Unit model of polymer combustion [2].
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Figure 1.3: Relationship between polyethylene surface temperature and time [6] under a radiation
intensity of 36 kW/M?2.

36 kW/M? (which is equal to the blackbody temperature of 613°C), its surface
temperature rising based on time is shown in Figure 1.3 [6].

If the radiation intensity is low, the highest surface temperature of polymer
would not be enough to ignite polymer, as well as would have low thermal diffusiv-
ity and thin thermal layer. Thus, polymer is difficult to be ignited (the ignition
temperature of polymethyl methacrylate [PMMA] is 250-350 °C, whereas that of PE
is 330-370 °C), and only thermal decomposition will occur [7].

When the temperature of polymer rises up to a certain level, it begins to degrade,
and the initial temperature of degradation is usually the temperature of bond rupture
that has the worst thermal stability. During this period, polymer could still be intact,
but the weakest bond ruptures often change the color and luster of polymers. There
are two forms of degradation: nonoxide degradation and oxidative degradation. The
former occurs without oxygen, whereas the latter should be heated and degraded with
oxygen. Proportion of the most volatile decomposition temperature of the bonds and
the instability of bonds in polymer are closely related to the degradation of polymer.

When most bonds rupture due to polymer decomposition, it enables a long chain
of 10°~10° carbon atoms to be decomposed into low molecular product. Then, the
molecular weight of polymer gets smaller dramatically, polymer itself also begins to
change, and this change can lead to a complete loss on its physical integrity or gener-
ate new substance with different properties, most of which are compounds with low
molecular weight and many of these compound are inflammable materials, which can
also volatilize into the vapor phase, thus reducing the total weight of polymer. For
example, when thermal decomposition occurs, polyformaldehyde (POM) or PMMA can
be decomposed into monomer formaldehyde or methyl methacrylate, respectively.
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Only when the weakest bond fracture temperature is much lower than the de-
composition temperature of the most bonds in polymer, the processes of degradation
and decomposition can be separated. When the decomposition temperature of vari-
ous bonds of polymer is almost continuous, the two processes become one.

The following characteristics of polymer have important influences on its
decomposition: First is the initial decomposition temperature of the chemical
bonds, namely the lowest temperature when decomposing. For two polymers
with the same specific heat and thermal conductivity, when their surfaces are
under intense heat, their decomposition degrees, to a great extent, are related
to the initial decomposition temperature. Second, the latent heat of decompo-
sition of each chemical bond (i.e., decomposition heat) is either endothermic
or exothermic when decomposed. Obviously, heat releasing can aggravate
decomposition, and heat absorption can inhibit decomposition. Third, decom-
position model includes the physical state and performance of the products
formed by decomposition, the relative content of various products and their
phases.

1.1.2 The thermal decomposition temperature and thermal decomposition rate

When we measure the decomposition temperature of polymer under laboratory
conditions, the most common is to measure the decomposition temperature range
or a specific decomposition temperature (such as the temperature when weight
loss is 5%, 10% and 15%). Some decomposition temperature ranges of polymer
are shown in Table 1.1 [4, 5]. In addition to high-temperature-resistant polymer

Table 1.1: Some polymer decomposition temperature range (Ty) (°C) [4, 5].

Polymers T4 (°C) Polymers T4 (°O)
PE 335-450 PET 283-306
PP 328-410 PC 420-620
PIB 288-425 PX 420-465
PVC 200-300 LCP 560-567
PVDC 225-275 PA6 and PA66 310-380
PVAL 213-325 POM 222
PVA 250 PTFE 508-538
PVB 300-325 PVF 372-480
PS 285-440 PVDF 400-475
SBP 327-430 CTFE 347-418
PMMA 170-300 CTA 250-310
SAR 250-280 POE 324-363

POP 270-355
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(such as Polytetrafluoroethylene (PTFE)), common polymers’ decomposition tem-
perature is between 250 °C and 400 °C.

The thermal decomposition rate of polymer can be expressed by the weight loss
rate. Table 1.2 lists the temperature (Tso,) When some polymers can lose 50% of
its weight due to heat in a vacuum condition for 30 min and the weight loss rate of
M350 oc When temperature is 350 °C [8]. Figure 1.4 is the thermal decomposition temper-
ature curve of some polymers [8], that is, the relation curve of sample weight loss rate
and temperature. The slope of this kind of curve is related to the polymer pyrolysis
reaction mode. The polymers decomposed from stochastic (random) chain fracture
and chain depolymerization (as shown in 1.1.3) have a large thermal decomposition
temperature-curve slope. If it is in the process of thermal decomposition, there are cy-
clization, crosslinking, char formation, etc., the curve slope is small and plateau phase
part occurs in the late thermal decomposition (high temperature).

Table 1.2: Thermal weight loss data of some polymers [8].

Polymers Tsoo (°C) Ms3s500c (%/min) Polymers Ts0, (°C) M3500c
(%/min)
PTFE 509 2x10™° PS 320 0.24
PX 432 2x107>  POP (stereoregular) 313 20
PCTFE 412 1.7 x1072  POP (atactic) 295 5
PBD 407 2.2x102  PMS 286 -
PE (branching) 404 8x10"  PVAL 269 -
PP 387 6.9x1072 PVA 268 -
PMA 328 10 PVC 260
PMMA 327 5.2
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Figure 1.4: Thermal decomposition temperature curve of some polymer. (1) PMS, (2) PMMA,
(3) PIB (polyisobutene), (4) PS, (5) PB, (6) PE, (7) PTFE, (8) PVF, (9) PAN, (10) PVDC, (11) third poly
vinyl benzene [8].
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The degradation of polymers can be divided into primary, secondary and ter-
tiary reaction. Primary reaction refers to the primary decomposition of the original
polymer, the formation of volatile products of low molecular weight and intermedi-
ates. It is only related to heat transfer, and the secondary and tertiary reactions
refer to the crosslinking and repolymerization of primary reaction products, which
are also influenced by the heat and mass transfer.

1.1.3 Thermal decomposition modes

Thermal decomposition modes of polymers have several kinds of classification
methods. The specific patterns are related to polymer properties and heating
conditions.

According to thermal decomposition modes, thermal decomposition of polymer
can be divided into kinetics mode, surface degradation and heat or mass transfer
control mode.

For thermoplastic polymers and carbonizable polymers, when the sample
size is small and heating condition is moderate (such as low heating tempera-
ture and rate), its decomposition often happens in kinetics mode. For
thermoplastic polymers with a thick layer, if the heat-transfer condition of
condensed-phase/vapor-phase interface does not change, the degradation of
polymers can be conducted under quasi-steady conditions. When external
heating conditions are gradually strengthened, thickness of solid-phase reac-
tion zone is reduced, and the decompose mechanism of the internal heat
transfer will be dominant. But carbonizable polymers cannot be carried out
under constant conditions, because the char layer severely interferes mass
transfer and heat transfer. With the degradation, the propagation rate of solid
polymer reaction front is reduced, and the internal and external heat transfer
becomes very important [3, 9, 10].

In terms of the way of chain cracking, thermal decomposition of polymer can
be divided into random cracking, chain-end cracking, zipper cracking, chain-elimi-
nating cracking, cyclization, carbon, etc. The following sections state the thermal
decomposition of polymer in detail according to the classification.

Random cracking

This chain breaking always occurs in weak bond places and also in other places as
well. In the process, polymer molecular weight decreases, but the total weight of
polymer remains almost constant. When the main chain fractures, it generates a
large number of low molecular volatile fuels (monomers and oligomer), as a result,
the total weight of polymer falls rapidly. Some polyolefin (such as PP, PE) and poly-
ester (PET) random chain scission would take place [3, 10].
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Random chain scission involves C-C bond rupture on the polymer main chain,
forming two free radicals. One is primary free radical and the other is secondary or
tertiary free radical. Primary free radical will extract a hydrogen atom from the
neighboring position to form a more stable secondary or tertiary free radical with
the latter conducting further degradation.

All C atoms in polyolefin (such as PE and PP) connect with H atoms; thus, the
random chain rupture is probably the main degradation model. Degradation prod-
ucts at the same time include monomers and oligomer. Random chain rupture of
thermal cracking of PE is shown in eq. (1.1) [10], including depolymerization, intra-
molecular hydrogen transfer, B-fracture, etc. Thermal decomposition of PP is more
complex than that of PE.

Random chian rupture

HY
RS
W
-
L Intramolecular hydrogen
Depolymerization transfer 1.1)
H

H
H — 2 . .
. K/\/\ BN
— P fracture

_b>\/\/”"”“+HK/'

Zipper cracking and chain-end scission

When the hydrogen transfer is restricted, polymers cannot not easily generate ran-
dom cracking, but generate cracking in the polymer chain end or weak bond, which
removes monomer links from the chain one by one, forming volatile products of
low molecular weight monomers which evaporates quickly, thus causing a signifi-
cant reduction in the polymer’s molecular weight and total weight [3, 10].
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PMMA with methyl and carboxyl, polymetharylonitrile (PMAN) with cyano and
methyl, and polymethylstyrene with phenyl and methyl are prone to have this type
of cracking and generate a large number of monomers.

Taking PMAN as an example, it has two substituents on C atom, so the chain-
end cracking will occur, thus forming a large number of monomers (while genera-
ting few monomer quantities in the process of polyacrylonitrile (PAN) thermal
decomposition due to crosslinking), and generate different kinds of volatile prod-
ucts, such as hydrogen cyanide, propylene, butene, acetonitrile, acrylonitrile, etc.
But amount of monomer generated by PMAN thermal degradation decreases with
the increasing temperature, and the number of hydrogen cyanide also increases,
which means that hydrogen cyanide may belong to the secondary degradation
products.

In addition, when thermal decomposition of polystyrene (PS) happens, zipper
cracking is a very important process and can be expressed by eq. (1.2), that is to
create carbon free radicals at the first step and then to fracture through C-C key
fracture of B to generate styrene monomers.

/\ /“\ N /‘\ =
L LR I (\' ls
\,L

b o
S -""‘-\-\_,-’A""-\-\.\_/';-\"'\-:/. e
B fracture Hz

e o \ =z e 1.2)
[*/l - L“ = %) Mnrj

CH s CH

A N

CH, CH,

Still, PA6 and PA66 are heterochain polymers; for example, when conducting zipper
cracking, PA6 generates caprone monomers (eq. (1.3)) [10].

g H 0 0
* 1 ML
| —_— e N e — o G .
e N E (€N G Ne T (1.3)
' (CH,)s

One of the differences among random cracking, chain-end cracking and zipper
cracking is the products; products of the former are monomers and oligomers,
while the latter are monomers only.

Chain-eliminating cracking

This is a kind of rupture reaction on side radical of chain, and the side-chain elimi-
nating generates small molecular products (not monomers). With the implementation
of elimination reaction, the main chain ruptures finally, the molecular weight and
the total weight of polymer drop quickly. Thermal decomposition of polyvinyl
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chloride (PVC) (HCI), polyvinyl alcohol (PVA) (dehydration), and poly (methyl tert-
butyl acrylate and methacrylic) belongs to elimination reaction.

For example, the most famous PVC HCl reaction can be shown by eq. (1.4) [10];
it is the auto-accelerated reaction [11], and the generated conjugated dienes can
have further cyclization and aromatization.

H—Cl
> Ha o« . ¢ 4
- CHZCH < (IZH CHCH, e —> o CH,CH =CHCHCH, CH o
(1.4)
H—Cl 2 H—Cl
c1> HC * a
wr CH,CH = CHCH Y- CHCH ww wr CH,CH =CHCH =CHCH ww

Cyclization reaction

Cyclization in the process of polymer thermal decomposition which means that
linear polymer transfers into a ladder polymer. A well-known example is PAN
cyclization thermal decomposition shown in eq. (1.5) [12].

s H,C CH ,CHZM
e CH,—CH—CH,—CH—CH,w A\ 2*>He- T CH

_ — |
C=N C=N
Ay

(1.5)

It is a secondary reaction, which decomposes primary products by heat, such as
Diels—Alder cyclization reaction which conjugates double-bond compound formed
by HCI, see eq. (1.6) [10].

7\ 7\ 7\ D1els—Alder 6 6 6
— _ _ “cyclization Q Q (1.6)
— — reaction

Crosslinking reaction (crossing-linking)

When polymer thermal decomposition occurs, macromolecular structures will
connect, forming a network and bulk structure. Reaction (1.7) represents the
crosslinked polyolefin thermal decomposition products of PVC [3].
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a

O HCL B 250°C
CH; CH% 250°C —ECH—CH},, -
PVC A

Polyolefin
300°C l Cross-link

400°C Toluence

Molecula.r dimethylbenzene 1.7)

rearrangement reaction

+ Aliphatic
hydrocarbons

Cyclization and crosslinking promotes the formation of char and is helpful for the
smoke suppression and flame retardancy.

1.1.4 The complexity of thermal decomposition

Thermal decomposition of polymer is a very complex process. Sometimes, sev-
eral thermal decomposition modes will exist. Therefore, it is difficult to describe
the thermal decomposition of all aspects by a single mode. For example, ther-
mal decomposition mechanism of PVC was proposed following several modes,
but some conclusions and ideas are still under the research, discussion and de-
bates [13].

Molecular mechanism
The auto-accelerated PVC decomposition due to the reaction of PVC structural unit
and HCl is shown in eq. (1.8).

ww(IZH—(IIH ww + HCl—— ww CH—CH ww» —— ww CH=CHww + 2 HCI
a H c H (1.8)
i

But this mechanism does not include the formation of free radicals or polymer
groups. Therefore, it does not involve the chain transfer. It cannot explain the
formation of polynoid during the chain transfer reaction [13].
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Mechanism of Amer-Shapiro
Amer and Shapiro proposed three steps of thermal decomposition mechanism of
PVC. The first step is the reaction of free radical (a) or 1,2-bimolecular elimination
and (b) formation of cis double bonds. See reaction (1.9).

(@) e CH—CH TH s e CH,~CClowsw —— > s CH=CHww 4+ HCl

H a
(1.9)
(b) e CH—CH e ZHC, e CH=CHww

H Cl

The second and third step is the so-called six-molecular synergistic mechanism,
which will eliminate the HC. See eq. (1.10)

HCl
VAR
~~CH CH#~~ —= ~~CH CH~~ + HCI
— CHC] s CHCI »w (110)
CH ~ CHCH,CHCI worr — vy s — =CH + HC
./ 2 A NS
H-Cl

Free radical mechanism
Winker has proposed the thermal decomposition of PVC as follows [15] (see eq. (1.11)):

(;1 (;1 Cl Cl Cl
R+ s A A =T : D e e W S
C1/-Hel
| (1.12)
Cl

It is considered that [16] the free radical mechanism of thermal decomposition of
PVC can explain the process of chain transfer, and this process can lead to auto-
acceleration of thermal decomposition.

The mechanism of ion
lon-pair mode

Equation (1.12) can express the PVC thermal decomposition mechanism of ion
pairs, which is proposed by Starnes [16]:

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

12 —— 1 Polymer combustion

S}

ocl _
o CH = CH—CH— CHy oo —H% e (e =), o 112

ww CH=CH—CHCl—CH,w

Ion pair forms on a-site of double bonds, thus causing conjugated chain growth.

Quasi-ion mode
It can be expressed by eq. (1.13) [17]:

6_ +
H =g
| ! L8t
W(|:_(|:m > (|:;(|: ~wCH=CH~ + HCl (1-13)
H H LH H J

According to the quasi-ion mode, removing HCl from PVC is a process of catalyzing
or synergism by the ion pair [16].

Ion-pair mode cannot explain why oxygen can accelerate the process of remov-
ing HCI from PVC and the prediction kinetics data which according to the mechanism
did not fit with the experiment results [18].

1.1.5 The thermal decomposition mode

At present, only for some simple polymers, such as PMMA, PE and PS, their thermal
decomposition modes have been studied in detail, but not yet for the application.
Now, the mechanism analysis about synthetic polymers’ thermal decomposition is
based on the one-step reaction, and there is a distance from the decomposition in
reality. Besides, one-dimensional thermal cracking of a small amount of polymer
under rapid heating conditions cannot be applied to a large number of polymers.

Modeling to study the chemical reaction of thermal decomposition of the
polymers and the transfer process are very difficult; even a series of simplified
application of the results is limited. A simulation study is conducted on the
relationship between the thermal decomposition kinetics of polymer, thickness
of reaction surface, temperature, reaction zone and the heating conditions.
The results have been used to elucidate the mechanism of interaction of inter-
nal and external heat transfer and transport processes and chemical reactions.
Moreover, there are reports that have used the one-dimensional model to pre-
dict the influence of bubble within polymer melt layer on the steady-state
transfer of volatile products during pyrolysis.

In order to apply the polymer thermal decomposition data for flame-retardant
polymer science and combustion of waste polymer, reactor design, reliable mecha-
nism and kinetic constants of thermal decomposition need to be studied thoroughly.
Through the determination and the establishment process of heat and mass-transfer
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model of comprehensive treatment about the experiments, it will be helpful to
deepen understanding of polymer pyrolysis.

1.1.6 Thermal decomposition products

Many factors contribute to polymer decomposition products, such as composition,
decomposition temperature, heating rate, thermal decomposition effect (endothermic
or exothermic) and release rate of volatile products [4, 5].

The decomposition can generate two kinds of substances: one is polymer chain
residues, which still have the certain chain integrity structure, and the other is the
polymer fragments (including small-molecule vapors, liquid and solid products).
They are very susceptible to oxidation. When intensely heated in oxygen, the char
residue will glow, but the combustion generally occurs only within the vapor phase
near the residue, and gaseous substance and fine solid powder take part in combus-
tion. The common combustible gas generated from thermal decomposition includes
methane, ethane, ethylene, formaldehyde, acetone, carbon monoxide, etc. The com-
mon noncombustible vapors are carbon dioxide, hydrogen chloride, hydrogen bro-
mide, water vapor, etc.; liquid products are organic compounds with high molecular
weight polymer and partial decomposition of the solid product is, generally, char
residue, carbon or ash. In addition, other solid particles or polymer fragments can be
suspended in the air to form smoke.

In most cases, the ignition and combustion system occur in the vapor phase.
If the polymer decomposition does not produce any combustible vapor, it can
effectively prevent combustion. But it is almost impossible, because when the
vast majority of polymer decomposes, besides generating char-residue solid, it is
always accompanied by release of volatile flammable products. For the suppres-
sion of combustion, generating nonflammable gas should be favorable, but any
vapor release will make the system expand and change the physical and chemi-
cal structure so that more surface of system will be exposed to air at high temper-
ature. Moreover, the generated nonflammable gas is toxic and corrosive. The
flammability of flammable liquids may be lower than the combustible vapor, be-
cause the evaporation of liquid-to-vapor phase consumes latent heat, but the
polymer decomposition of solid residue contributes to the overall structure to
maintain the original polymer structure integrity and can protect the adjacent
polymers from further decomposition, hindering the mixture of the combustible
vapor and air.

The volatile low molecular weight organics that are generated by some polymers
during thermal decomposition in laboratory devices are shown in Table 1.3 [21].

Thermal decomposition products of polymers in a fluidized bed at high temper-
ature have been studied [22]; some additional polymers’ (such as polyolefin, PS)
cleavage product is a mixture of monomers, liquid and vaporous fuels and char
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Table 1.3: The volatile low molecular weight organics produced by some polymers during thermal
decomposition [21].

Polymer Main products
PE Methylpentene, hexene-1, n-hexane, heptylene-1, n-octane, nonylene-1, decene-1
PP Propylene, isobutene, methyl butene, pentane, methylpentene-2,2-methyl amyl-1,

cyclohexene, 2,4-two methylene-1, 2,4,6-three methyl nonylenol-8, methane, ethane,
propane, butane, 2-methacrylic, 2-methyl pentane, 4-methyl allyl, 2,4-two methyl allyl-1

PVC Methyl chloride, benzene, toluene, two dioxanes, xylene, chlorobenzene,
naphthalene, chlorobenzene, two vinyl benzene, methyl ethyl cyclopentane
ABS Benzophenone, acrylonitrile, propylene aldehyde, benzaldehyde, cresol, two methyl

benzenes, ethylene, ethyl benzene, ethyl benzene, hydrogen cyanide methyl,
isopropyl benzene, a-methyl styrene, B-methyl styrene, phenol, phenyl cyclohexane,
a-phenyl-1-propylene, n-propyl benzene, styrene propyl benzene, styrene

PMMA Methyl methacrylate

PMBA n-Ding Ji acrylate

PET Acetaldehyde, acid, anhydride

PA6, PA66 Benzene, acetonitrile, caprolactam, hydrocarbons containing five and less than five
carbons

PU Cyclohexanone, containing five and less than five carbon hydrocarbons, acetonitrile,
acrylonitrile, benzene, benzyl cyanide, naphthalene, pyridine

PF Toluene, methane, propylene, acetone, propanol, methanol, two cresols

composition, but when it comes to the thermal decomposition of PMMA, it can gen-
erate the monomers up to 97%.

Pyrolysis products of several synthetic polymers at the temperature of 550 °C in
fluidized bed (quantitative data) are shown in Table 1.4 [23]. Table 1.4 shows that
hydrogen, methane, ethane, ethylene, propane, propylene, butane and butene are
the major vaporous products of PE and pyrolysis, whereas o0il and wax are mainly
the aliphatic alkanes and alkenes. PVC, PC and PET pyrolysis generate aromatic oil,
whereas PS can get about 60% of the styrene monomers.

1.2 Ignition
1.2.1 Lighting conditions

Polymer ignition refers to light the mixtures of flammable gas and oxidizer near the

solid surface. Generally, ignition needs to satisfy the following three conditions:

(1) Must form the mixture of fuel and oxidizer, and the concentration of the fuel
must be within the combustion limit.

(2) The vapor temperature should be high enough to cause and accelerate the
combustion reaction.

(3) The heating area must be large enough to overcome the heat loss.
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Table 1.4: Some pyrolysis products of polymers in fluidized beds at 550 °C [23].

Product HDPE LDPE PP PS PVC PET
Hydrogen 0.31 0.23 0.24 0.01 0.20 0.06
Methane 0.86 1.52 0.44 0.08 0.79 0.41
Ethane 0.90 1.71 0.45 <0.01 0.55 0.02
Ethylene 3.01 5.33 1.48 0.09 0.51 1.27
Propane 0.79 0.84 0.67 <0.01 0.28 0.00
Propylene 2.26 4.80 1.08 0.02 0.92 0.00
Butane 0.35 0.55 0.26 0.00 0.11 0.00
Butene 2.34 6.40 1.95 0.02 0.92 0.00
CO, 0.00 0.00 0.00 0.00 0.00 24.28
Cco 0.00 0.00 0.00 0.00 0.00 21.49
Hydrogen chloride 0.00 0.00 0.00 0.00 31.70 0.00
Oily substance 36.8 17.8 31.5 59.0 22.1 23.5
Wax 29.9 35.4 38.3 12.4 0.0 15.9
Carbon 0.0 0.0 0.0 0.0 13.5 12.8

For ignition, the temperature of mixture on the solid surface plays a critical role.
The heat transfers by the degradation of polymers surface and/or the ignited source
of vapor phase can raise the temperature of the mixed vapor to ignition
temperature. Ignition can also be caused by the hot air flow.

When materials are ignited, the surface temperature reaches a critical value,
and there is a lag period. If the heat used to ignite is supplied by radiation heat,
then heat radiation and heating area are reduced, and the lag phase is prolonged.
But the radiation heat intensity cannot be lower than a certain value, that is, a
minimum value of 160 kW/m? s [25].

1.2.2 Ignition and spontaneous combustion

Ignition of polymer can be divided into the induced ignition and spontaneous
combustion. Combustible vapor may be ignited under enough oxygen or oxidizer or
external ignition source. Then, the material begins to burn. The corresponding tem-
perature is called the ignition temperature, that is, the temperature of the combusti-
ble vapor decomposed by the polymer that can be ignited by a flame or spark. It is
usually higher than the initial decomposition temperature. But when without an
external source of ignition because of the chemical reaction (decomposition) of the
polymer matrix itself, spontaneous combustion occurs. The corresponding polymer
temperature is called spontaneous combustion temperature which is usually higher
than the ignition temperature (although there are exceptions), because the self-
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Table 1.5: Ignition and spontaneous combustion temperature of some polymers (°C) [5, 26].

Polymers Ignition Spontaneous  Polymers Ignition Spontaneous
Temperature  combustion temperature combustion
temperature temperature
PE 341-357 349 PES 560 560
PP (fiber) 570 PTFE 530
PVC 391 454  CN 141 141
PVCA 320-340 435-557 CA 305 475
PVDC 532 532  CTA (fiber) 540
PS 345-360 488-496 EC 291 296
SAN 366 454  RPUF 310 416
ABS 466 PR (glass fiber 520-540 571-580
laminate)
SMMA 329 485  MF (glass fiber 475-500 623-645
laminate)
PMMA 280-300 450-462  Polyester 346-399 483-488
(glass fiber
laminate)
Acrylic fiber 560 Sl (glass fiber 490-527 550-564
laminate)
PC 375-467 477-580  Wool 200
PA 421 424 Wood 220-264 260-416
PA66 (fiber) 532  Cotton 230-266 254
PEI 520 535

maintained thermal decomposition requires more energy than external force-main-
tained process.

Ignition temperature of some polymers (underspecified conditions) and sponta-
neous combustion temperature are shown in Table 1.5 [5, 26].

When oxygen concentration of the external environment increases, spontane-
ous combustion of polymers decreases (see Table 1.6) [27].

For spontaneous combustion, getting reproducible results is difficult (though
some kinds of fires are caused by spontaneous combustion). Therefore, the research
on combustion, with the small fire ignited by polymer, is more feasible, but it has
some relation with the ignition and ignition-source type (matches, cigarettes, and
thermoelectric wire), sample size (1-10 cm) and ambient temperature.

For open systems, spontaneous combustion and ignition designed by human
have no distinction. Generally, the human pilot is because of some devices in the
vapor phase of high-temperature region (flame, spark, glow wire). The spontaneous
combustion is caused by the thermal radiation, heat flow and thermal surface.
Local heat caused by accidental fires often is ignited; the heat radiation is the main
heat-transfer model.
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Table 1.6: Spontaneous combustion temperature of polymers under 10.3 MP
oxygen pressure [27].

Polymers Spontaneous Polymers Spontaneous
temperature (°C) temperature (°C)
PTFE 434 PET 181
TFE/PFPVE 424 POM 178
PCTFE 388 PE 176
PET 385 PP 174
HFP/TFE 378 ECTFE 171
PES 373 PVF 222
PPO/PS 348  TFE/PFMVE 355
Pl (contains 15% 343  VF/HFP 302-322
graphite fiber)
PEEK 305 SIR 262
PC 286 GR-M 258
PPS 285  TFE/PL 254
PVDF 268 IB/IP 208
PA66 259 PUR 181
ABS 243 BD/AN 173
ETFE 243 EPDM 159
PVC 239

1.2.3 The performance of ignition

The performance of ignition is not the inherent attribute of polymer; it is connected
to the ignition conditions. The ranking of the ignition of some polymers will change
with the test methods.

When the ignition source exists, and the combustible substance generated from
the polymer pyrolysis rises to the surface of the polymer, and when the temperature
of the combustible reaches the critical value, the combustible substance will be
ignited. When the polymer is ignited by the experimental small fire, it will be con-
nected to the critical surface temperature of the ignited polymer. Once ignited, part
of the combustion heat will fed back to the adjacent unburned polymer surface,
and the polymer will continue its pyrolysis and repeat the process of ignition, thus
making the flame spread along the surface of the polymer.

The performance of ignition demonstrates the complexity of the polymer, the
difficulty level of being ignited, particularly being ignited by flamelet or sparkle.
Ignition is the initial stage of combustion.

The performance of ignition can be regarded as the degree of difficulty when
polymer itself or its pyrolysis product is ignited under certain temperature, pres-
sure, and oxygen concentration. The lower the spontaneous combustion tempera-
ture of the polymer, the easier the occurrence and spread of fire disaster, whereas if
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Table 1.7: The performance of ignition of some material measured by USF ignition experiment
(the time needed for ignition per second) [4, 5].

Material Heat flow (kw/m?)

58 81 105
PMMA (3.2 nm) 115 33 31
PS (3.2 nm) 108 35 31
Rigid polymelamine urea acid ester foam plastics (12.7 nm)  Nonignition Nonignition 56
PVC (3.2 nm) 269 95 78
Linoleum (3.2 nm) 59 54 12
Wool carpet (foam rubber lining) 26 9 6
Polyester carpet flame retardant viscose (resin lining) 79 42 28
Nylon fabric 22 16 7
Bafta 10 6
Nylon carpet (foam rubber lining) 29 17 13
Flame-retardant wool fabric 104 62 15
Flame-retardant wool/nylon fabric 20 16 8
Acrylic class carpet (fiber lining) 38 15
Flame retardant viscose fabric 12 9 5

Table 1.8: The performance of ignition of some materials measured by
cone calorimeter method (the time needed for ignition per second) [4, 5].

Material Heat flow (kw/m?)

25 50 75
Flaming ABS 120 34 17
Antiflaming ABS 111 38 17
Flaming HIPS 304 106 25
Antiflaming HIPS 205 52 24
Flaming PC|ABS alloy 267 53 28
Antiflaming PC|ABS alloy 189 49 75
Flaming UPT Unignition 159 79
Antiflaming UPT 119 42 -
Flaming XLPE 162 63 37
Antiflaming XLPE 86 37 -

the spontaneous combustion temperature of the polymer is higher, the situation
will be the opposite. The performance of ignition of some polymer is showed in
Tables 1.7 [4, 5] and 1.8 [4, 5].

The temperature makes the polymer decomposed as heating in air can be an
indictor to measure the igniting temperature, because at the same time, many small
molecule combustibles have escaped from the polymer. Vapor-phase inhibitors and
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some gaseous products due to the polymer pyrolysis may influence the igniting
temperature of the polymer, because they can reduce the oxygen concentration in
vapor and the combustible concentration. When the polymer is ignited, the loss of
weight in nitrogen can demonstrate the rate of the combustible generation from the
polymer. In this case, the oxygen concentration in the flame tends to be zero.

When the polymer is ignited under thermal condition, it is the combined result
of heat flow and time. As to the given polymer, the bigger is the heat flow, the less
the time it needs to be ignited. In the polymer with good thermal insulation, the
surface can be ignited quickly due to less internal heat circulation.

Most of the big fire is caused by small fire; there is an induction period before
the polymer is ignited (including smoldering); then, the temperature continues to
rise until it gets burnt (usually at 800 °C-1000 °C). Finally, the fire will decay due
to the exhaustion of fuel.

1.2.4 The factors causing ignition

Source of ignition

The stronger the source power of ignition is, the faster the developing rate and
spread of ignition are. Soft fire or a combustion cigarette can cause smoldering. It
will last for a long time before it turns into combustion. The rate of combustion is
quite slow. Open flame can cause combustion directly, and then, it can spread and
develop quickly.

The direction of heat transferring

For ignition, the process for heat transferring is quite important. When polymer is
ignited, convective heat transferring and radiative transferring are seen above the
fire in all directions. At this scenario, the flame propagation will promote the devel-
opment of the combustion. When the surface of the polymer come close to the
cracking zone or the flame zone and is heated, the polymer will decompose into
many flammable products. The flame on the surface of the polymer ignited by small
fire is outside the combustible zone, so the essence of the flame propagation is the
process of the repeating of the ignition. When the release of the heat is more than
the heat lost in the process of the combustion, continuous ignition happens. The
prevention of continuous ignition will help to stop the spread of the flame.

The thermal inertia of the polymers

The thermal inertia of the polymers (Q,) is the product of its thermal conductivity
(K), density (P) and specific heat capacity (c), that is Q; = KPc. When the polymer is
ignited, the time related to its combustion is connected to its Q;. The lower the Q; of
the insulating polymer is, the higher will be the Q; of the thermal-conductive
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polymer. For example, it is easier to ignite the bits of wood with small fire, but it is
difficult to ignite a wood brick; the foams with combustible component (the poly-
urethane (PU) foams) burn more quickly than solid body with the same material. It
is all because of the fact that the lower the Q, of the polymer, the easier for heat to
accumulate on the surface, thus making it easier for the ignition, which means less
time needed to reach the igniting temperature.

The component of the polymer

The chemical component and existence of fire retardants will influence the decom-
position temperature and the species and weight of the flammable pyrolysis prod-
ucts when it is ignited. Thus, it is also closely related to the ignition temperature of
the polymer. When the natural polymers (timber, cotton and paper) are compared
with synthetic polymer (PP and PVC), the former is easier to be ignited and produce
combustible products. But the influence of physical condition on the ignition tem-
perature can not be ignored. Sometimes, such physical factor may outweigh its
chemical components.

Kinetics control factors

The process of the ignition of the polymer has something to do with the time that
the combustible products rest on the surface of the polymer and the induction
time of the vapor-phase combustion reaction. If the later is shorter than the for-
mer, then the control factors for ignition are solid-phase decomposition rate and
heat-transfer process. However if the former is shorter than the later, then ignition
will not happen, and the controlling factor for ignition is vapor-phase combustion
reaction rate.

The ignition of the polymer is the primary phase of the combustion of the mate-
rial, and it is also the critical stage for the development of combustion. There are
many factors causing the ignition, and the change of these factors can promote or
stop combustion. However, ignition is one of the indicators for the flammability.
The shortened igniting time does not mean the worse flammability of the overall
material. The igniting time of some flame-retardant polymer is less than some non-
flame retardant polymer, because some flame-retardant polymer is easier to give off
the combustion during pyrolysis.

1.2.5 Ignition model
Researchers have previously done modeling work on the ignition caused by thermal

radiation [29, 30]. For example, for the non-charring polymers and non-exothermic
surface reactions, the one-dimensional equation of solid-phase energy and the
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mass and energy of the vapor phase can simulate the conduction mechanism of
solid surface radiation heating of the adjacent vapor layer, but this can only be
used to the predict ignition when the surface temperature of the solid is quite high.
In addition, this can easily be interrupted by some occasional factors. For example,
diffused flame is easily produced in the ignition of some vapors, and it magnifies
the radiant heat flux and will increase the surface temperature and crack material
flow, thus reducing ignition time. In addition, the delayed ignition time will be
shortened if the ignition, when it happened, approach the surface of the inflamma-
ble substance. The vapor absorption of the radiation energy will greatly influence
the ignition and the delay of ignition time.

For the ignition caused by hot air, simple quantitative solid thermal model
[25,28] has been put forward. This model can prove that the delayed ignition time is
the function of igniting temperature, but there are exceptions when the igniting
temperature is low. Some boundary-based models have pointed out that ignition is
the controlled mechanism for vapor-phase reaction. As the airflow rate decreased,
the delayed ignition time increased [31], and the delayed ignition time is controlled
by the decomposition rate of the solid phase (with low flow) or the combustion of
vapor phase (with high flow).

1.3 Combustion propagation and the spread of combustion
1.3.1 Overview

When the combustible is ignited, exothermic reaction will happen both in vapor
phase and condensed phase to produce combustion and heat the unburned com-
bustible. To spread combustion, the combustion zone should provide enough heat
for the unburned combustible for degradation. At the same time, some proper con-
dition should be gained by the vapor phase. In fact, the spread of the combustion is
not only influenced by the degradation mechanism of the solid combustible but
also controlled by many other factors [4, 5].

The spread of combustion means the development of combustion along the sur-
face of the polymer. Because the spread of combustion is a surface phenomenon,
the decisive factors are the combustible vapors produced on the polymer surface, or
the flammable vapor formed in the inner part of the polymer, and it has the ability
to release to the surface of the polymer. The spread of combustion must be achieved
when the temperature of the polymer surface can be raised to the combustion tem-
perature, which is caused by the hot flux of forward-spreading flame. Therefore,
the ignition of the polymer is directly linked to the spread of the flame. The surface
of the insulating material can be ignited at a higher rate, so that it can get higher
combustion-spreading rate.
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Under specific conditions, the spreading speed is the moving forward speed of
combustion front. The higher the combustion rate, the easier it is for the nearby com-
bustible to be affected and cause the larger combustion. Sometimes, the polymer that
can spread combustion is not only of high risk, but the loss caused by affected poly-
mers combustion can also be really heavy. Thus, the rate for the spreading of the com-
bustion of the polymer is an important factor that can not be ignored in the fire-
retardance technology.

1.3.2 The spreading direction of combustion

The spreading of combustion of solid combustible can be divided into two catego-
ries: syntropic spreading and reversed spreading [32]. If the direction of oxidant
flow is same as the direction of the spreading of the combustion, it will be called
syntropic spreading combustion, otherwise it is called reversed spreading combus-
tion. For the syntropic spreading combustion, the flame is on the surface of the
burned combustible, and the heat transfer to the surface of the unburned combusti-
ble is quite intense, which will rate up the spreading of combustion. On a large
scale, this process seems to be controlled only by the heat transfer. When the rate
of combustion is low and the combustible stays in laminar airflow, the heat transfer
of unburned combustible is mainly preceded by convection. When the fire is en-
larged, the heat transferring of the turbulence flow is mainly preceded by the way
of radiation. For the reversed spreading combustion, the heat transferring of un-
burned combustible is quite difficult, because the pyrolysis front and the combus-
tion front are in the same area, but the amount of heat passed from vapor phase or
solid phase to the unburned combustible is quite low, so its combustion is easily
controllable. When the rate of counterblast is comparatively low while the oxygen
concentration is quiet high, the combustion is mainly controlled by the heat trans-
ferring. But when the counterblast rate is high while the oxygen concentration is
low, the combustion is mainly controlled by the chemical kinetics [28].

1.3.3 The heat conversion model of combustion propagation

If the polymer is ignited and the ignition can last, the combustion will develop and
spread along the surface. The prerequisite of combustion spread entails sufficient
heat being fed back to the polymer of the flame front, making the latter pyrolysis
and providing combustibles.

Figure 1.5 illustrates the heat conversion model for maintaining the combustion
after the polymer is lighted [33]. When QC>QH+QP+QI+QD, the combustion flame of
polymer will spread. The factors such as polymer’s specific heat, heat conductivity
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Figure 1.5: The heat conversion model when polymer ignites and maintains combustion. Qy is the
heat needed for the splitting of polymer to reach the temperature Tp; Qp is the decomposition heat
for the combustible vapor concentration caused from splitting to reach the concentration needed
for combustion limit C; Q; is the temperature T; needed for the combustible vapor to be ignited;
Qc is the heat of combustion; Qp is the lost heat.

coefficient, decomposition temperature, decomposition heat, light, flashing point
and enthalpy of combustion will influence the combustion process. The combus-
tion products of polymer are relevant to its geometry, property and oxygen sup-
ply. When the polymer in its common form is ignited, the combustion products
will contain carbon monoxide and carbide particle due to the lack of oxygen, the
latter will be one of the main reasons for the formation of fog and the low visibility
around the comburent.

1.3.4 The factors affecting combustion propagation

During the ignition, the accumulated heat inside the system increases the tempera-

ture of the polymer through conduction, convection and radiation to spread and ex-

pand the combustion. The following properties of polymer are related to combustion:

(1) The difficulty of igniting the polymer: The easier the polymer will be ignited,
the greater will be the contribution for the combustion development.

(2) The combustion heat of polymer: The more heat the polymer produces in the
process of combustion, the faster the combustion development will be.

(3) The exposure of polymer: The polymer whose surface is mostly exposed to the
flame is easy to spread the combustion.

(4) The amount of the polymer: Only some adequate substances that exist inside
the system can threaten the expansion of combustion.

(5) Wind direction.

(6) Ventilation and oxygen supply.

(7) Combustion direction.
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First and the second point are decided by the properties of the polymer. Therefore,
the remaining points will be discussed in the following.

The exposure of combustible

A good amount of energy is required for the adjacent combustible to propagate
combustion, thus making it enter into combustion phase. It is easy to get burnt
when the nearby substances are on the initial combustion surface whereas hard to
be burned when inside the combustion. Thus, the combustion propagation is usu-
ally regarded as a surface phenomenon. When most of the surface of the polymer is
exposed to the highly heated environment, the rate of surface combustion can be
regarded as the actual measurement of combustion propagation [4, 5].

The thickness of combustible

If the thickness of the combustible is thinner than the thermal diffuse layer, it is
regarded as thin layer. The properties of thin-layer combustible are relatively homo-
geneous. For the transfer of heat to unburned surface, thickness exerts little influ-
ence in thin layer. But it will be significantly influenced in thick layer. In thick
layer, the combustion propagation is the consumption of solid combustible in com-
bustion area. With the increase of oxygen concentration and air velocity, the rate of
pyrolysis and combustion will accelerate for combustion propagation in the same
direction [28].

Wind direction

Combustion propagation can be divided into two cases: downwind and upwind. Ap-
parently, the former is faster than the latter. The airflows hinder the passing of heat
to the polymer in front of the flame, when the propagation is against the wind,
which reduces the rate of polymer pyrolysis and makes the concentration of com-
bustible gas at the top surface hard to reach the lower flammability limit. The case
of downwind is adverse.

The orientation of combustible
Generally, combustion propagation and the direction of solid combustible are
closely related [32]. The upward combustion propagation is faster than the down-
ward one due to the heat transfer from the hot combustible gas to the unburned
substance; the enhancement of natural convection and the enduringness of three
kinds of heat transfer such as radiation, convection and transmission. The former is
a delayed flame propagation process due to natural convection.

The horizontal combustion propagation is also slow as well because the com-
bustible in front of the flame can only be heated by heat conduction vapor phase
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Figure 1.6: The horizontal combustion propagation [1].
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Figure 1.7: The vertical combustion propagation [1].

and downward heat radiation [1]. Figures 1.6 and 1.7 show the horizontal combus-
tion propagation and the vertical combustion propagation, respectively [1].

Oxygen supply
In general, combustion can be spread faster when heat is intense or oxygen is suffi-
cient (such as ventilation). But sometimes excessive ventilation may remove heat
and slow down the spread of combustion. In addition, the melting or charring of
polymers can also directly consume energy, thus reducing the rate of forming a fire.
In the early phase of combustion development, combustion can only be propa-
gated inside the ignited substance. But when the flame reaches 1-2 m, the radiant
heat can ignite the polymer even staying a few meters away. When the fire spreads to
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the ceilings, the radiant heat flux increased dramatically against other objects in the
room, resulting in flash burning with extreme high rate of propagation. In the phase
of combustion development, external heat flow should reach 20-60 kW/m to maintain
the combustion, with the sample of 10 cm to 1 m, and the ambient temperature up to
400-600 °C, higher than ignition temperature, with required proper ventilation.

1.3.5 Combustion propagation coefficient of materials

In summary, combustion propagation is not only dependent on the properties of
the materials but also is related to a series of external conditions. Therefore, the
measurement of combustion propagation coefficients should be conducted under
strict requirement conditions. Moreover, different measuring method could obtain
different results. Table 1.9 [4] shows some combustion propagation coefficients of
different materials under the standard of ASTME-84. (The relative value of un-
treated red oak is 100.)

Table 1.9: Combustion propagation coefficients of different materials under the rule of ASTME-84 [4].

Materials Coefficients Materials Coefficients
Red oak (untreated) 100 Basswood (treated) 25-35
Red oak (treated) 20-50 Velveteen (treated) 25
Oak (treated) 35 Yellow pine (treated) 25
Aspen wood (treated) 30 Bai Congmu (treated) 20
Box-wood (treated) 25 China fir (treated) 15-25
Birch (treated) 15-30 Rose wood (treated) 20
Lauan (treated) 15-20 Plastic 10->200
Soft maple (treated) 20-30 Reinforced plastic 15->200

1.3.6 Combustion propagation model

For combustion propagation, a lot of models have been built [34,35], of which some
describe the combustion propagation rate and its relationship with ambient condi-
tions and fuel performance; most of them are based on heat-transfer mechanism.
Some complex mathematical models can describe the balance of vapor and solid
fuel. Recently, some two-dimensional models about the weather have been pub-
lished [28]. Those equations described the conservation of momentum, energy and
mass of the vapor phase.

The mathematical model of combustion process can help people understand
the chemical and physical mechanism of combustion propagation, and they can
be used to explain the experimental results. Although mathematical model is a
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powerful tool which can estimate materials’ reaction in fire, it should consider
all physical and chemical processes related to combustion, and they can be
simplified.

1.4 The full and stable combustion
1.4.1 Overview

When a certain critical point of the combustion was reached (as shown in Figure 1.1),
the heat released from the combustion of polymers can raise the decomposition prod-
ucts of polymers temperature, making the vapor expand; thus, the heat transfer will
be increased through the convection, conduction and the radiation. For some poly-
mers, it is the appropriate time to enter the phase of full and stable combustion. Once
the combustion enters this stage, it can not be subdued.

The combustion of polymer can be charred in two ways: combustion and smol-
dering. If the heat is enough to cause the pyrolysis of the polymer into combustible
and ignite it, then combustion is possible. But when the heat and temperature are
lower than the critical value, then smoldering is possible.

The combustibles after being lighted and burned properly will be in a steady-
state combustion. According to the combustion directions (vertically or horizon-
tally), the combustion process can be classified into wall combustion and pool com-
bustion. Combustion is a complicated chemical and physical process. During
combustion process, the interaction between fuel flow and its surroundings is gen-
erally nonlinear and irregular, making quantitative estimation difficult. In an en-
closed space, one of the pivotal problems lies in the heat transfer and mass transfer
between the fuel and its surroundings.

For the combustion in an enclosed space, two environmental factors can be deci-
sive for the combustion behaviors. The first one is the heat of flame (from the top of
the combustion combustible) and the other is the external heat (from the hot vapor,
hot surface and the flame of other combustible). The former is closely related to the
ventilation and the oxygen supply, whereas the latter is obviously influenced by the
geometry of the enclosed space, ventilation and the surface of the material [9].

1.4.2 Combustion key points

Heat and mass transfer

Polymer combustion relates to heat transfer, pyrolysis in the condensed phase, diffu-
sion of pyrolysis products in the condensed phase and the vapor phase, mixing with
air to form an oxidation reaction and a series of chain reaction in the vapor phase.
Figure 1.8 [33] is an element state model of polymers in general combustion process.
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Figure 1.8: The element state model of polymer in the process of combustion [33].

When polymer is burned, a part of the thermal energy is absorbed by the poly-
mer itself used for the pyrolysis, and the combustible pyrolysis volatile products
enter into the vapor phase as fuel to sustain combustion. It is obvious that the com-
bustion rate of the polymer is decided by the heat, polymer cleavage and the phase
transition. The rate of polymer cleavage increases with the rise of temperature but
depends more on the properties of the polymers [4, 5].

Features

In the full combustion phase (the main stage of combustion), external heat flux is
often greater than 50 kW/m? Hence, the sample size needs to reach 1-5 m and the
environment temperature should be more than 600 °C, higher than spontaneous com-
bustion temperature with low ventilation. In the small fire test, simulation of these con-
ditions is generally not easy. The state of polymer will be different in small combustion
test compared with the big combustion test. However presently, people have taken a
great step in the aspect of predicting large fire behavior on the basis of the results of
small-scale test due to the development of combustion-testing technology.

In full combustion phase, the environment temperature is higher than that of
most of the ignition temperature of the polymer. In the current scenario, all exposed
surfaces of the polymer reach ignition temperature, and combustion spreads very
fast in the whole space and the flame almost covers all combustible surfaces. In
other words, combustion takes place in all combustible surfaces, and the surface of
material is almost exposed completely to the flame.

In full combustion phase, the degree of polymer ignition has no practical im-
pact on combustion, but the flammability of the surface of polymer still affects the
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combustion. The degree of combustion is related to the heat of combustion, the ex-
posure degree and the amount of material. The higher the heat of combustion of
material, the more the amount of material; the larger the exposed surface, the stron-
ger the combustion.

Chemical reaction

The state of combustion varies with polymers of different molecular structures. For
instance, the surface temperature of PS, PE, expanded polystyrene (EPS)and the
epoxy resin during pyrolysis increases along with the heat supply. However, the
surface temperature of PMMA remains almost constant, whereas its surface struc-
ture changes and specific surface area of PMMA increases as well.

When the PMMA is the combustion in various mixtures of different oxygen and
nitrogen composition, the vapor compositions of different burning zones are differ-
ent. However, all zones have enough oxygen with more oxygen in the high-temper-
ature zones. When PMMA and PS are in combustion process, the surface
temperature of the condensed phase and the temperature of areas (the pyrolysis
area) close to the surface are the same, meaning that the rate of combustion is con-
stant under critical condition.

The combustion of pyrolysis products of polymer is based on free radical chain
reaction, including the following four steps (see eqs. (1.14)—(1.17)) [36]:

(1) Chaininitiation RH — RH*or R- +H- (1.14)

(2) Chain transfer R-+ O, — ROO- (1.15)
RH+ROO.- — ROOH +R-

(3) Chain branching  ROOH — RO- + -OH (1.16)

2ROOH — ROO- +RO- + H,0
(4) Chain termination 2R- — R-R (1.17)
R- +.0OH — ROH
2RO- — ROOR
2RO0- — ROOR + 0,

1.4.3 Smolder

Smolder is one of the most hazardous combustion modes, because it can produce a
large amount of CO, and char and combustible volatiles too. Smolder involves con-
densed phase pyrolysis and the oxidation of condensed phase and char. Mean-
while, the oxidation of some components in smolder can accelerate the heat release
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rate, which is a remarkable contribution and cannot be ignored in the process of
transforming smolder into combustion [28].

Smolder spreading in the opposite direction of oxygen flow is reversible smol-
der. Both oxidation and pyrolysis exist at this moment and both get enhanced with
the rise of temperature. Smolder that spreads in the same direction of oxygen flow
is forward smolder. The degradation of condensed phase is mainly pyrolysis and
oxygen is almost consumed by the oxidation of carbon, which accelerates the smol-
der and affects the heat-transfer rate of the original polymer and the pyrolysis rate
of condensed phase.

The different configuration between reversible smolder and forward smoldering
also leads to different controllable mechanism. The forward smolder is supported
by the oxidation of carbon; however, reversible smolder is controlled by solid oxi-
dation degradation. In addition, forward smolder can be easily converted to sus-
tained combustion. Single reversible smoldering and single forward smoldering are
easier to test or simulate, but forward smolder of multidimensional structure can
further reflect dangers of fire in the real situation.

The spreading of oxygen from the material surface to original solid fuel and
char residue layer can accelerate the exothermic reaction of solid fuel and the oxi-
dation of char layer. The former supports reversible smolder, whereas the latter
supports forward smolder.

Now, almost all the ignitions and the smolders are found in one-dimension sys-
tem, but the ignition and smolder research should focus on the exothermic reaction
process of condensed phase, a shift from smolder to combustion, artificial ignition
and multidimensional model.

1.4.4 Flashover

The acceleration of combustion rate and the spreading of combustion to the sec-
ond-fuel combustion increase the thermal layer temperature rapidly, and the heat
of other combustibles will also increase because of the spreading of the thermal
layer in the enclosed space. As a result, all fuels burned inside the enclosed space
have been ignited, releasing a large amount of heat instantly. Then, complete
combustion comes up in a short period, which is known as flashover (as shown in
Figure 1.9, solid line) [9, 37].

Without enough oxygen, the hot vapor layer sinks quickly to the combustion
zone. If this occurs, little amount of oxygen enters into the combustion area and the
combustion comes to an end. Dashed lines in Figure 1.9 indicate this situation. That
is to say, the combustion can only last to point A rather than flashing point B. With
deficient oxygen, the combustibles still pyrolyze at a relatively high rate. If some air
flow is added caused by some changes, the heat-release rate will improve, which
makes flashover possible.
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Figure 1.9: The relationship between developing time and temperature of close fires in burning
process. Solid line indicates a flash and dashed lines indicate oxygen-deficient combustion. Point
B is the flashing point.

Table 1.10: Flashover performance of some polymers measured by USF method [4].

Polymers  Flashover high Flashover time (s) Polymers Flashover high Flashover time (s)
(cm) (cm)
PE 660 115+ 20 PA610 56 + 20 77 £ 10
PS 20+ 10 160 + 37 RPUF 8+3 92+ 4
PMMA 460 61+18 FPUF 663 44 + 10
ABS 18+5 127 +32 EPS 8+5 203+ 10
PC 15+ 8 97 +13 PVC No No
PA6 660 55+7 MPPO No No
PA66 66 +0 95+ 37 PPS No No

Flashover performance of some polymers measured by University of San Fran-
cisco (USF) method is shown in Table 1.10 [4].

1.4.5 Combustion model

Development of polymer combustion is difficult to predict. This is not only because
the combustion process of the chemistry and physics is complicated but also be-
cause it is linked to geometry in enclosed space and many other factors, which are
very changeable.

In addition, the combustion of polymer in an enclosed space can change the
space environment, which in turn alters the combustion. Thus, the development of
the combustion becomes more complicated.

Although it is difficult to predict the general rule of the combustion in an enclosed
space, a reasonable engineering assessment of combustion development inside the
building is possible through relevant test data and approximate engineering models.
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Some engineering models can be used to simulate enclosed space combustion.

At present, there are three kinds of deterministic models for the physical and chemi-

cal principles of combustion design: computational fluid dynamics model (CFD), two

zone model (TZD use) and mobile phone model (hand-calculation model [HCD]).

(1) CFD: It is widely used in engineering calculation. It is about the division of in-
volved scope multiple small volumes, the conservation of mass, momentum
and energy that are applied to each small volume. When we apply CFD to com-
bustion process (currently, only a few CFD programing classes are used in com-
bustion process), the supply rate of fuel will be derived to calculate the release
rate and, combined with a variety of assumptions, to estimate the combustion
of products. By now, some researches have been published: by introducing the
propagation, fuel hydrolysis and combustion development into CFD code, an
attempt has been made to correlate between combustion process and environ-
ment conditions [38]. Such researches are still ongoing.

The use of CFD computing devices requires large capacity equipment and
many professionals. Moreover, applying CFD in safety engineering is not practi-
cal, but molding is very useful to solve some of the design issues, and some-
times, it is the only way.

(2) TZD: It divides the enclosed space involved into two areas — hot area at the top
and cold area at the bottom, and then it solves the conservation equations of
mass and energy. In general, the regional model can describe the products of
the combustible in pyrolysis (when the mass is lost), whereas heat-release rate
describes the product of the fuel weight loss rate and comburent. But the prod-
ucts of the combustible pyrolysis and heat release rate are closely related to
ventilation. For the given fuel, with good ventilation during combustion, its
heat release rate and products of pyrolysis are steady but change with time, es-
pecially in poor ventilation. The TZD has been published in literatures. Some of
them simulated the combustion in a single room, and others simulated in sev-
eral rooms (connected to each other with a door or mechanical ventilation).

In recent years, TZD has been adopted for fire safety design by an increasing
number of people. But we should be fully aware of the assumptions and its limi-
tations and be familiar with combustion kinetics and kinetics in enclosed space.

(3) HCD: It can also be used to analyze some basic combustion process, including
some simple empirical methods that are used to calculate the flame height,
mass flow rate, the flame temperature and rate, interior overpressure and other
fire parameters. Some are suitable for the combustion process, whereas others
are suitable for the evaluation of environmental effects of combustion and are
also suitable for heat-transfer process. This method is available in [9] for inter-
ested readers.

Nowadays, a range of different models have been used to estimate environ-
mental consequences caused by the combustion in an enclosed space, but most
of the models need to input the combustible properties, namely the heat release
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rate and combustion products. But only a few methods can predict both and
they are all under research without any application in engineering.

1.5 Combustion decay

When the heat of the combustion on the surface of the polymer decreases, the py-
rolysis rate of polymer reduces, lowering the concentration of combustible on the
surface to a certain limit which the combustion cannot maintain. It continues to di-
minish till it extinguish. The lack of fuel and oxygen, of course, are also important
factors which cause the attenuation and extinguishment.

Attenuation and extinguishment vary with the polymer properties. Therefore,
some polymers are easy to extinguish by fire, whereas others are very difficult. Self-
extinguishing can be measured by limiting oxygen index (LOI). The higher the oxygen
index is, the easier the combustion is to extinguish, and vice versa. That is to say, the
combustion of polymer with low oxygen index often lasts for a long time in the fire.

The LOI of polymer is closely linked to the degree of amortization and charring
rate, which, to a certain degree, can be quantitatively calculated [33].

Polymers with a lot of aromatic groups in the main chain, such as phenol resin,
polyphonic oxide, polycarbonate, aromatic polyamide, polystyrene, etc., have higher
LOI than aliphatic hydrocarbon polymer. This is mainly because this kind of polymer
can form aromatic char by the condensation and generate little vaporous products.
The LOI of charcoals itself is up to 65%, and the char layer it forms can cover the
surface of polymer in the combustion and extinguish the fire. In general, polymers
with low char yield have less than 20% LOI, while those with 40-50% char yield
have more than 30% LOL The LOIs of some polymers are shown in Table 1.11 [39-41].

Some vapor-phase reactions (capture combustion-needed free radicals and di-
lute combustible vapor, etc.) and condensed-phase reactions (form protective layer
of mass transfer and heat transfer as well as absorb heat, etc.) caused by adding
flame retardant into polymer can help to extinguish the combustion.

1.6 The smoke of combustion

Flame retardancy and smoke suppression are equally important requirements for
the flame-retardant polymer materials, but they are often contradictory. Polymers,
which can be decomposed into monomers during pyrolysis and burnt completely,
generally produce less smoke. To realize the “flame retardant” and “smoke suppres-
sion” at the same time, or to achieve a balance between them, is one of the main
contents of formula design for the flame-retardant polymer materials [42, 43].
Smoke is visible and nonglowing suspension, formed by fine particles dispers-
ing in the air, and the solid particles are the result of the incomplete combustion or
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Table 1.11: LOI (%) of some polymers [39-41].

Polymers LOI (%) Polymers LOI (%)
PE 17 CTFE 83-95
PP 17 ETFE 30
PBD 18 ECTFE 60
CPE 21 CA 17
PVC 45 CB 19
PVA 22 CAB 18
PVDC 60 PR 18
PS 18 EP 18
SAN 18 Unsaturated polyester resin 20
ABS 18 ALK 29
PMMA 17 PP (fiber) 18
Acrylic resin 17 Acrylic fiber 18
PET 21 Modified acrylic fiber 26
PBT 22 Wool (fiber) 23
PC 24 PA (fiber) 20
POM 17 CA (fiber) 18
PPO 30 CTA (fiber) 18
PA6 23 Cotton (fiber) 18
PA6/6 21 Viscose fiber 19
PA6/10 25 Polyester 21
PA6/12 25 PBD (rubber) 18
PI 25 SBR 18
PAI 43 PCR 26
PEI 47 CSPER 25
PBI 40 SIR 26
PSU 30 NR 17
PES 37 Wood 22
PTFE 95 Cardboard 24
PVF 23 Fiberboard 22
PDF 44 Plywood 25
EEP 95

sublimation of polymer. Smoke is one of the most severe risks in the fire. Because
visibility allows people to evacuate from the ablaze building as well as help fire-
fighters find place of fire and extinguish it in time, the smoke greatly reduces visi-

bility and leads to choking.

Admittedly, the amount of smoke in the pyrolysis or combustion of polymer is
not the nature of the polymer, but it is connected to combustion conditions (such
as the combustion of enthalpy, oxidant supply, sample geometry, combustion or
smolder, etc.) and conditions (such as temperature, ventilation, etc.). Undoubtedly,
the molecular structure of the polymer is one of the important factors that affects

the amount of smoke.
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Polymers of polyene structure, or with aromatic side chain, usually generate a
lot of smoke. This is because the combustion of polyene chain can form graphite
particles through cyclization and condensation, and the polymer with aromatic side
chains (such as PS) is easy to produce with conjugated double bonds of unsaturated
hydrocarbons. The latter can be further cyclized and condensed into char. Polymers
with aliphatic hydrocarbons in the main chain, especially those polymers which are
easily decomposed into monomers in the presence of oxygen and thermal cracking
in the backbone, such as POM, PMMA, PA6, etc., can be burned more fully; thus,
the amount of smoke produced is low. In addition, the polymer with benzene on
the backbone results in dispersion of higher amount of smoke [44].

Some polymers with high thermal stability and high charring yield usually gen-
erate little smoke as they form char in condensed phase and reduce volatile prod-
ucts. For example, PC and PSF both are the polymers with high amount of aromatic
ring on the backbone, but the char yield of PSF was 2 times that of PC, the thermal
stability of PSF is better than PC and PSF-specific optical density given by smoke
box method is only 30% of PC.

Halogen-containing polymers generate high amount of smoke, and PVC is a
typical example of this. The amount of smoke produced is almost the highest in all
commonly used plastics; so, many studies of smoke suppression are directed at
PVC. However, the amount of raw smoke is not always related to the content of hal-
ogen in polymers. Some polymers with high content of halogen do not emit high
amount of smoke because of their special molecular structure and thermal cracking.
For example, the chlorine content of PVDC is 1.3 times that of PVC, but the maxi-
mum specific optical density measured by the smoke-box method is only about 1/7
of the latter. This is because the HCI structure is formed after removal of PHCI by
thermal cracking, and the carbon chain [44] is left after PVDC pyrolysis.

It should be pointed out that some flame-retardant polymers have a high
amount of smoke. For example, some of the flame retardants in the vapor phase
can inhibit the oxidation and promote the smoke generation, whereas some
types of flame retardants (such as ATH, MH, etc.) and intumescent flame retard-
ants simultaneously have flame retardancy and smoke suppression function.
With a certain amount of zinc borate instead of Sh,05 in the halogen antimony
system, the generation of smoke gets suppressed without much retardancy
deterioration.

Smoking properties are often measured by smoke density or optical density. The
density of smoke produced by decomposition or combustion of a polymer under a
given condition measured the extent to which it is obscured by light or vision. Smoke
amounts in burning polymers and smoldering polymers are different. For polymers,
the greater the density and the faster the growing of smoke density of the smoke, the
shorter time would be left for evacuation and outfire. However, the specific optical
density measured by optical density meter (smoke density) does not necessarily re-
flect the extent of visual shielding, because sooty particle size and their distribution
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in the atmosphere affect the light absorption, and decrease of people’s vision is
mainly because of the shading effect of smoke, and simulative effect on human eyes.
The smoke density of polymer combustion is related to a series of factors, such as
combustion rate and ventilation intensity, which is inversely proportional to the ven-
tilation intensity. The maximum specific optical density (D,,) of some polymers deter-
mined by National Institute of Standards and Technology (NBS) smoke-box method
and the time required to reach D;4 are shown in Table 1.12 [4, 26].

Table 1.12: D, of some polymer and time required to D;¢ (NBS) [4, 26].

Polymers Thickness Dy, Time required to D;¢ (min)
(mm)

Smoldering Combustion  Smoldering  Combustion
PE 3.18 85 2.74 0.91
PP 6.35 119 3.00 4.18
PTFE 0 53 11
TFE-VDF 1.80 75 109 2.5 1.2
PVF 0.05 1 4
Unfilled hard 6.35 470 535 2.1 0.6
PVC
PVC fabric 0.66 261 198 1.4 0.3
PS 6.35 395 780 4.00 0.63
SA 6.35 389 249 4.13 1.11
ABS 6.35 780 780 2.98 0.57
PMMA 6.35 190 140 6.5 2.3
Polyacetal 3.18 6
PA fabric 1.27 6 16 15.0
PAA sheet 1.60 7 14
PSU 6.35 111 370 12.61 1.89
PC 6.35 48 324 10.88 1.95
PR 3.18 137 55 5 5.5
up 3.18 780 780 2.66 0.59
Rigid PU 50.8 221 113 0.35 0.22
foam
(polyether)
Rigid PU 161 70 0.43 0.20
foam
(polyester)
PU rubber 57 210 4.3 2.1
(polyether)
PU rubber 131 230 4.0 1.5
(polyester)
Red oak 19.8 660 117 7.1 7.8
Fir wood 12.7 378 145 4.6 4.3
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1.7 The toxic substances generated during combustion

Toxic substances refer to the materials that may destroy human tissues or interfere
in function of organs. The toxic vapors generated in the course of combustion of
polymers can cause chocking or even death, threatening the life security. The sub-
stances generated during the combustion relate to a range of factors, including the
composition of the polymer, oxygen supply, temperature and heating rate, endo-
thermic or exothermic reaction, the releasing rate of combustible volatiles, etc. The
vaporous products of combustion of carbonaceous polymer are mainly CO and CO,
(it is considered that CO, is nontoxic, but it can reduce the concentration of oxygen
in the air and harm human health when inhaled too much). When the polymers
containing carbon, hydrogen and oxygen burn, its vaporous products contain ali-
phatic and aromatic hydrocarbon (such as butane and benzene), ketone (such as
acetone), aldehyde (such as formaldehyde and acrolein), acid (such as acetic acid),
ester (such as ethyl acetate), etc. Many polymers containing other elements besides
carbon, hydrogen and oxygen generate vaporous products in the process of com-
bustion, such as SO, and H,S (polymer-containing sulfur), NH;, HCN, NO; (poly-
mer-containing nitrogen) and HX (polymer-containing halogen). Some of the above
products have severe corrosion. The toxic vapors produced in the combustion

under different conditions are shown in Figure 1.10 [1].

CO is the most common toxic vapor in fire, which is produced by the incom-
plete combustion of materials. It is easily generated in the following situations:

(1) Insufficient heat supply in the vapor phase (e.g., smoldering).

(2) The flame is quenched (e.g., polymers contain halogen chemical component or
excessive ventilation extinguishes the flame).

(3) Polymer with thermal stable structure (e.g., aromatics chemical component):
Because these chemical components can stay longer in flames, it produces
much CO in good ventilation conditions and produces even more under limited
ventilation conditions.

(4) Insufficient oxygen supply: When ventilation is poor in fire, a lot of radiant heats
makes polymer pyrolysis, whereas it cannot burn completely for lack of oxygen.

However, it is difficult to simulate poor ventilated combustion in small-scale experi-
ments. Smoldering generates the highest amount of toxicants, but its combustion
rate is much lower than combustion.

Large-scale fire test data show CO and a large amount of HCH is generated in
toxic vapors when reducing the intensity of ventilation.

Generally, it is difficult to estimate the density of toxicant in the combustion of
polymers accurately. It is true in both small-scale combustion tests and the experi-
ments simulating real fire cases, let alone in real fire scenes.

Identification and analysis of all toxicant are difficult. The current science
level also cannot predict the comprehensive hazard of the mixture of
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Figure 1.10: The toxic vapors produced in the course of combustion of polymer.

diversified toxicants with different concentrations on human bodies. We usu-
ally observe the overall effects of the mixture of toxic vapors dispersed by ma-
terials in the course of combustion on animals, and its result can be
expressed by the time and density, which can have a certain effect, such as
the necessary time or density of toxicants for the death of half the amount of
all animals (LCsp).

To analyze the danger of combusting exhaust vapors, we must know the com-
bustion rate and the toxicant yield. Steady-state tube furnace test can measure the
relationship between the amount of toxicant generated in a particular polymer and
combustion conditions. A more complete test program related to the toxicity of fire
vapors has been developed. The toxicants generated by some polymers in air com-
bustion are shown in Table 1.13.

1.8 Corrosive combustion products
In general, all organic polymers will produce corrosive vaporous products in the

process of pyrolysis and combustion. Even the pyrolysis or combustion products
of wood, wool and cotton have corrosive effect on metal. PVC and polymers
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Table 1.13: Main toxicants products generated by some polymers in air combustion (measured by
infrared spectroscopy) [49].

Polymers Toxicants combustion products/polymer (mg/g)

Cco, co S0, N,O NH; HCN CH, GCHs GCH,

PE 502 195 65 187 10
PS 590 207 7 16 6
PA66 563 194 4 26 39 82 7
PAAM 783 173 32 21 20 13 4
PAN 630 132 59 8

Acrylic fiber 1400 170 95

Polyphenylene sulfide 892 219 451

PU 625 160 1 17 37 6
RPUF 1400 210 8

EPR 961 228 3 33 5 6
UFR 980 80 2

UFF 1350 41 15

MFR 702 190 27 136 59

deodar 1397 66 2 1

Wool 1260 180 54

containing halogen flame retardants can produce highly corrosive hydrogen halides
during pyrolysis. However, the materials with high halogen content are not equal to
high corrosion. The corrosivity of combustion products of some polymers is shown
in Table 1.14.

1.9 Flame retardation patterns

Flame retardation patterns can be divided into physical and chemical patterns and can
also be divided into condensed and vapor phase, but this classification is parallel, for
example, condensed phase char and intumescent type can be considered as chemical
type. The following are classified by physical and chemical patterns [1, 36, 51, 52].

1.9.1 Physical model

(1) Cooling, such as endothermic reactions, can cool a burned polymer.

(2) The coating can be used as a mass-transfer and heat-transfer barrier, which pre-
vents heat and oxygen from passing to polymer and prevents the combustible
vapor escaping from vapor phase.

(3) Dilution of the released water vapor and CO, can dilute the free radicals and
fuel concentrations in the combustion zone.
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Table 1.14: Corrosion of the combustion products of some polymers measured by cone calorimeter

(50 kW/m?).
Material The average loss Material The average loss
for 24 h/metal for 24 h/metal
(45,000 for probe)
XLPO elastomer (metal 3 XLPO copolymer 8
hydroxide filler) (inorganic filler)
HDPE/CPE 23 XLPO copolymer 1
(containing
alumina trihydrate
filler)
CPE (filler) 10 EVA (inorganic 6
filler)
EVA (containing 2 PO (inorganic 7
alumina trihydrate filler)
filler)
PPO/PS 2 XLPE copolymer 26
(chloride additive)
PI 1 Polyvinylidene 31
fluoride two PVDF
PI/PSI 3 PVC 70
PP (expansion type) 3 PA66 23
PO copolymer 3 XLPE copolymer 6
(inorganic filler) (brominated
additive)

1.9.2 Chemical mode

(1) The vapor-phase reaction interferes with the free radical reaction in the com-
bustion zone and makes the concentration of free radical drop below the critical
value of combustion.

(2) Condensed phase reaction.

The cross-linking, grafting, aromatization and catalytic dehydration char layer
forming contribute to the formation of char layer, such as by the removal of poly-
mer side bonds, formation of double bonds and finally formation of a multi-aro-
matic ring carbon layers.

Forming intumescent protective layer: By adding intumescent flame retardant
or foaming agent into polymer, and through certain chemical reaction, the surface
polymer can form intumescent-type mass-transfer and heat-transfer barrier.

Condensed-phase and vapor-phase flame retardance have long been recognized as
two main flame-retardant modes. The former mainly contributes to the charring of ma-
terials, whereas the latter mainly slows down the chain oxidation reactions in flame.
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However, some new flame-retardant mechanisms have been proposed in recent years,
especially those based on physical principles. This mechanism has led to a better un-
derstanding of flame retardancy. In fact, in many cases, the realization of flame
retardant is often the result of the combined action of several flame-retardant modes,
and it is difficult to attribute it to the effect of a single flame-retardant mechanism.

Flame retardancy is a complicated process, and the flame retardant of con-
densed phase can not be completely separated from that of vapor phase. The con-
densed-phase flame retardant on one hand can alter the reaction equilibrium by
reducing volatile pyrolysis products, and on the other hand, the material may form
a char layer with low thermal conductivity at the burning zone boundary due to the
polymer rheology state change by gas produced by pyrolysis. Therefore, the flame
retardant in the condensed phase will directly affect the combustion process in the
vapor phase. The vapor-phase flame retardant can reduce the degree of vaporifica-
tion of polymers and inhibit the combustion of polymer pyrolysis products and can
also reduce the heat release of combustion and increase the radiation heat loss due
to the increase of char layer formation.

The objective of flame retardation of polymeric materials is to make polymers
difficult to ignite (such as extending ignition time), to slow the spread of combus-
tion, to reduce the rate of combustion heat releasing and to make attenuation or
self-extinguishment of combustion easier. But the problem now is that the above-
mentioned tests of properties of flame-retardant polymers are mainly small scale. A
number of predicative mode have been developed, which enable scientists to make
a big step forward to roughly predict the behaviors of flame-retardant polymers
in real fire cases through the results of some small-scale or large-scale experiments.
It has become possible for some certain polymers to conduct above-related analysis
and has also made a success to some extent. However, it is hard and even impossi-
ble to compare the flame resistance of polymers in different combustion tests and
predict the flame resistance accurately in different fire cases because the perform-
ances of polymers vary in different fire situations. Furthermore, the size of text sam-
ple is crucial to the results of combustion test, especially when the number of
sample is large. Moreover, polymers and their added components are extremely di-
verse and varied, and the pyrolysis ways of polymers are quite different, which
make flame retardant more complex. Therefore, flame-retardant method cannot be
copied from one polymer to another.
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2 Flame retardation mechanism of halogenated
flame retardants

Halogenated (brominated and chlorinated) flame retardants (FRs) contain either
single halogen FR or halogen/antimony synergistic combination, but the latter is
dominant in actual applications. Halogenated FRs have been widely used for deca-
des. Systematic and in-depth researches have been done on the flame-retardation
mechanism and a large number of papers have also been published. Further details
can be found especially in literatures [1-4]. Even today, this kind of mechanism still
has not been fully understood, but experts2 in FR area have formed a consistent
view that halogenated FRs mainly work in gas phase. Furthermore, increasingly
growing evidences have been found in FR behaviors in condensed phase.

2.1 Flame retardation mechanism of single halogen FRs

Halogenated FRs work mainly through gas phase. It can restrain gas-phase
chain reaction, and its decomposition products can be used as inert substances
to dilute fuel concentration and serve as a cover to function a so-called blanket-
ing effect. This kind of FR, of course, also has certain FR effects in condensed
phase.

2.1.1 Flame retardation mechanism in gas phase

It is well known that some substances which can react with oxygen in the atmosphere
will be produced in the course of thermal cracking of polymers, forming H,-0, sys-
tem, and combustion propagation is progressing through branched chain reaction
[(2.1) and (2.2)] and exothermic reaction (2.3) [5].

H-+0, —— -OH+-0 2.1
O0.-+H, —— -OH+-H 2.2)
OH-+CO —— CO,+H- (2.3)

To reduce or terminate burning, the above chain-branching reactions should be
prevented. The flame retardancy of halogenated FRs was at first realized by inhib-
iting chain-branching reaction in gas phase. For halogenated FRs with no hydro-
gen, X- is usually liberated when heated. If they contain hydrogen, HX is released
first in thermal decomposition. These are separately shown in reactions (2.4) and
(2.5) [1].

https://doi.org/10.1515/9783110349351-002

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110349351-002

EBSCChost -

46 =— 2 Flame retardation mechanism of halogenated flame retardants

MX — > M-+X. (2.4)
MX —— H-M+X'- (2.5)

M- or M- in the above reaction shows the rest of FR after releasing X- or HX. In addi-
tion, X- produced in reaction (2.4) also reacts with fuel to generate HX (eq. (2.6))

RH+X. —— HX+R- (2.6)

HX can really influence chain branching. It captures highly reactive H- and OH.,
producing low activity X- to mitigate or stop burning [egs. (2.7) and (2.8)] [6].

H-+HX —— H;+X- 2.7

OH- +HX —— H,0+X. (2.8)

Reaction velocity of H- with HX is twice as that of HX with OH-[6]. H,/OH ratio in
flame front is high, so the reaction of H- with HX (2.7) might be the main FR reac-
tion, and competition between this reaction and the one of H- with O, is a decisive
factor for FR efficiency. In reaction of H- with O,, two free radicals are formed by
consuming one H:. Moreover, for reaction of H- with HX, consumption of an H-
helps to form a low-activity X- which is able, in turns, to produce stable halogen
molecules by itself.

Reaction (2.7) in which H- combines with HX to give H, and X is a reversible
reaction. There is a balance between positive reaction and adverse reaction. The
equilibrium constant of (2.7) for HCl or HBr is shown in formulas (2.9) and (2.10) [7].

Kyc = 0.583 exp(1097/RT) (2.9)
Kypr = 0.374 exp(16760/RT) (2.10)

When temperature tends to be high, the above equilibrium constants are reduced
greatly; so, the FR efficiency of halogen derivatives declines in fire. That is to say,
temperature has a strong impact on the FR efficiency of halogen-containing com-
pounds. When temperature is between 1200 and 1300 °C or higher in fire zone, bro-
mine can act as an oxidizer and is able to catalyze chain reactions in gas phase,
showing no FR effects. Calculation shows that reaction of H- with HX goes mainly
toward positive side with temperature range between 230 and 1230 °C, and Ky, is
far larger than Kyc. Around ignition temperature of polymers, both bromide and
chloride have high flame retardancy.

Reactions (2.1) and (2.2) increase the concentration of free radicals in gas
phase, whereas reaction (2.3) gives off a lot of heat to increase the temperature
in gas phase.

Based on mass spectrometry analysis obtained from CH,/O, mixture in low-
temperature fire, addition of halides into the mixture helps to detect HX in early
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combustion products and increases the concentration of H, [8]. It is proved that on
burning, reaction (2.7) goes rapidly and competes with chain-branching reaction
(2.1) in an effective manner in front flame area. Furthermore, the measured flame
retardancy is higher than the expected based on the reaction balance.

In addition, X- produced by reactions (2.7) and (2.8) can react with combustible
gases and volatile products, such as RH, generated from polymer thermolysis to
form HX; thus, flame resistance is processing in a catalytic way (eq. 2.11) [9].

X-+RH —— HX+R- (21)

Researchers have not yet drawn a consistent conclusion for reaction of OH- with HX
(2.8) [10]. But for the combustion and explosion of styrene/O, mixture in low pres-
sure, production of OH- can be delayed when there is HBr.

In high-temperature flame area, there is a balance between H-, OH- and O-; re-
ducing the concentration of any one of the three may inhibit the chain-branching
reaction.

The reason for a low flame retardancy of fluorides is that reaction of HF with H-
[see reaction (2.7)] is difficult to happen because of high activation energy, whereas
a low flame retardancy of iodides is because of the difficulty to produce HI when
RH reacts with I-, and R- can combine with I to form RI (2.12) [11].

R-+I. — = RI (2.12)

The FR efficiency of chlorides is lower than bromides. This is because of the fact
that reaction of HCl with H- [reaction (2.7)] is close to hot neutral, which is also
likely to go in the reverse direction, namely to regenerate H-.

The mechanism of halogenated FRs is based on the breakage of C—X bonds.
The thermal stability of C-X bonds is C-F>C-CI>C-Br>C-I, and the correspond-
ing bond energy and initial degradation temperature of bonds are shown in
Table 2.1 [3].

Table 2.1: Bond energy and initial degradation temperature of bonds [3].

Bond Bond energy (kJ/mol) Initial degradation

temperature (°C)
Caiph—F 443-450 >500
Carom_Cl 419 >500
Caliph—Cl 339-352 370-380
Chenzitic—Br 214 150
Catiph—Br 285-293 290
Carom_Br 335 360
Catiph=! 222-235 180
Catiph—Catiph 330-370 400
Caliph—H 390-436 >500
Catiph—H 469 >500
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Halogenated FR’s efficiency relates to strength of C-X bonds. C-I bond energy
is too low, and iodides cannot be used as FRs. Although fluorine derivatives are
quite stable, thus unfavorable to quench free radicals from fire, they are not suit-
able for being FRs. But some fluorides are suitable for X/Sh synergistic systems [12].
In addition, bond strength and stability of aliphatic halogen derivatives are rela-
tively lower, and they are easier to decompose. In general, HX molecules can be
generated at lower temperature for aliphatic compounds; thus, their FR efficiency is
higher than that of the corresponding aromatic derivatives (see Figure 2.1) [4]. How-
ever, the thermal stability of aromatic bromides is higher than that of the aliphatic,
but the light stability is the opposite. Bromide’s FR efficiency is better than that of
chlorides. This is mainly because C-Br bond energy is relatively low, and in the pro-
cess of burning, bromides generate Br- and HBr at the right time. Meanwhile, al-
though HCI can be generated in a larger temperature range, in the front of flame
their, concentration tends to be relatively lower. Some highly volatile FRs may be
gasified to provide halogens for flame before their decomposition.

400 ~

Aromatic bromine
300 +

200 -

Total burning time (s)

100 Aliphatic bromine

T
10

Bromine content (%)

Figure 2.1: Comparison of flame retardancy between aliphatic and aromatic bromides in
polypropylene (PP) [4].

Recently, it was found that the flame retardancy of NH,Br is very good for PP, and
in this case, the limiting oxygen index (LOI) produced by unit of bromine, namely
LOI/Br (mass ratio), is as high as 1.24. For aliphatic bromides, this value is only 0.6
[13]. This is possibly because of the fact that the necessary decomposition energy of
NH,Br into NH; and HBr is far lower than C-Br bond dissociation energy.

Derivation of vapor flame retardancy of halides is mainly that they capture free
radicals which transmit thermal oxidation in flame. Researchers sometimes used
FR volume required to extinguish n-heptane/air flame to characterize the efficiency
of FRs [14].

The flame retardancy of halides has some relations with burning conditions
(such as external heat flux) of flame-retarded materials [15].
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For chlorides and bromides, however, when they are used in flame retard some
polymers, the efficiency of Br is about 1.7-2.0 times than that of Cl. For example,
comparing the FR efficiency of tetrahalogenated phthalic anhydride for polyester,
13% of bromine is equivalent to 22% of chlorine. Similar patterns can also be found
when this anhydride is used to flame retard PP, polystyrene (PS) and polyacryloni-
trile (PAN). In addition, comparing NH,Cl to NH,Br for flame-retarding cellulose,
the FR efficiency of bromine is higher than chlorine about 70% [16].

When halides are used to flame retard polymers, the structures and performan-
ces of FRs and polymers have an important effect on FR efficiency. For example,
when ratio of chlorine to carbon is 0.1 (mass) in the flame-retarded polymers, LOI
of polyester with chlorinated FR is quite different from that of chlorinated polyester,
of which the former is 23% and the latter is 29% [1].

For copolymer of bromoethylene and methyl methacrylate, bromoethylene’s in-
fluence on LOI is not important; however for copolymer of bromoethylene and acry-
lonitrile or styrene, bromoethylene has a great effect on LOI. In addition, researches
showed that almost all of the bromine content in materials will be transferred into
gas phase on combustion. According to statistics, when flame temperature ranges
from 850 to 1150 °C, halogenated FRs have a good inhibition effect on chain reac-
tions of combustion. This effect of halogens containing in polymer molecules is bet-
ter than that of mechanically incorporated halides in polymers.

Some researches suggested that after addition of a small amount of haloge-
nated FRs into polymers, the flame propagation speed will be reduced one order of
magnitude, and the necessary threshold energy for igniting material can also be
greatly increased [1].

2.1.2 Development of flame retardation mechanism in gas phase

Today, the widely accepted flame retardation mechanism in gas phase is the inter-
ruption mechanism of combustion chain reactions. It is generally believed that the
flame retardancy of halogenated FRs mainly depends on the reaction of released
HX from FRs with free radicals formed in combustion, that is, the following equilib-
rium reaction.

H- +HX =— H,+X. (2.11)

But from 200 to 1200 °C, the balance of (2.11) is quite related to temperature. The
efficiency of HBr for capturing hydrogen radical greatly decreases with temperature
higher than 700 °C. Moreover, at T > 700 °C, the halogenated FRs display little FR
action.

However, the aforementioned conclusion widely accepted has not been verified
by experiments; so, relevant discussions are still needed. First, the FR functions of
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halogenated FRs should not just be chemical reactions of cleaning the free radicals.
There are some physical effects. For example, heat of decomposition and heat of
vaporization of FRs as well as halogen molecule concentration in flame are all re-
lated to flame retardancy, whereas these factors have little connection with temper-
ature [17]. Therefore, relevant experiments have become a necessity. They should
demonstrate whether the flame retardancy of halogenated FRs will decrease with
the increase of temperature, and the relationship between decreasing amplitude of
efficiency and the variation of temperature needs to be understood. The synergistic
effect between bromine and chlorine is another related topic. The best FR efficiency
can be realized with the presence of antimony trioxide (AO), and mass ratio of Br/Cl
in FR system is 1:1 [18]. Lewin stated a possible explanation that bromine radicals
and chlorine radicals can probably combine into active polar Br—Cl molecules in
flame, which can react with hydrogen radicals more rapidly, producing additional
HX molecules. Therefore, the ability of capturing hydrogen radicals is enhanced
[19]. However, this is just a hypothesis and further supported experiments are still
required.

It is also pointed out that except the pattern of gas phase, there is another pat-
tern about the action of brominated FRs. For example, the synergistic effects can be
found in polyacrylonitrile with ammonium polyphosphate (APP) and hexabromocy-
clododecane ( HBCD), but the pattern of gas phase does not exist in this formulation
[20]. This is also true for brominated phosphate. In accordance with this, we can
speculate whether HBr released from flame-retarded polymer pyrolysis can be
served as foaming agent to promote the inflation of carbon layer. Thus, here comes
a question: whether HBr is a foaming agent and not a free radical capturing agent
or is both foaming agent and free radical capturing agent to play the roles in other
brominated FR system?

There remain some points which need to be further studied: first, whether
NH,Br in polymers shows better FR efficiency than other aliphatic and aromatic
brominated FRs; second, whether this is the result from synergistic effects between
bromine and nitrogen; third, whether NH,Br can release HBr before polymer pyroly-
sis due to the lower decomposition temperature of NH,Br than other bromine deriv-
atives [21].

2.1.3 Flame retardation mechanism in condensed phase

One of the methods to distinguish between gas phase and condensed phase is to
measure LOI of FR materials in 0,/N, and N,O/N,, respectively. In the case of
gas phase, LOI of flame-retarded materials in N,O/N, hardly changes with the
variation of FR’s loading, whereas LOI’s change history is a different picture in
0,/N, and a maximum record often can be observed. One reason for this phe-
nomenon is that in gas pattern, O, in 0,/N, system is mainly used in branching
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reaction O,+H-->OH-+0-, but N,O in N,0O/N, is mainly used in nonbranching reac-
tion N,O+H:->OH-+N,. Clearly, the best fire-retarding effect is inhibiting the
abovementioned branching reaction, whereas the nonbranching reaction, which
involves N,0O, has little effect on flame retardancy in gas phase.

Recent researches have shown that halogenated FRs also have fire-retarding ef-
fects in condensed phase [1]. Some halogen compounds release halogens and hydro-
gen halides, and the remainders in condensed phase become coke residue through
cyclization and condensation. The residue formed can act as protective barrier of fire
proof, preventing the material below to be oxidatively cracked. Besides, some halo-
gen compounds might change the reaction mechanism in flame and in anterior flame
zone, promoting the formation of char and increasing the loss of radiant heat.

For example, some halogen free radicals released from halogenated FRs can
form a double bond with some polymer chains (see reaction (2.12)).

X-+-CHy-CHy- —2 _HC-CH,- —'> —CH=CH- (212
Double bond can cause crosslinking or char-forming by aromatization. Halides
react with hydrogen on aromatic rings, and the formed aromatic compounds further
react with other aromatic rings to give polyaromatics which are precursors of graph-
ite carbon, whereas the char-forming is a very typical condensed-phase reaction [1].
Aliphatic brominated FRs have a different mechanism from charring flame-
retardation mechanism in condensed phase. Bromine radicals in polymer melts can
induce the bond cleavage on territory carbon at polymer chains (2.13) [22, 23].

Br. .
J\/\J\CH_CHZ'CH'CHzm — A (I:'CHZ'CI'II'CHzm
| |
CH; CH, CH; CH,

l B cleavage

v HLC —(i:H (2.13)

CH . .
~nnnCH,-CHy + HC=CH, <€— > s C—CH, + HC—CH,
| Chain termination
CH; CH, CHs CHs

This bond rupture makes polymer melts drop quickly, lowering the temperature of
the melts to their self-extinguishing point. Incorporation of a very small amount
(0.01-0.5%) of polytetrafluoroethylene (PTFE) onto polymers with halogenated FRs
can effectively inhibit the fusant from dropping. The reason is that under polymer
processing temperature (200-300 °C), PTFE particles will soften, and the extrusion
screw shear force will stretch the softening particles to microfiber. The fiber’s length
is as 5 times as that of the original particles. When polymer burns, the microfiber in
the fusant retracts, thus forming a kind of network structure and inhibiting the fu-
sant from dropping.
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The LOIs respectively measured by polyethylene/chlorinated paraffin (PE/CP)
in 0,/N, and N,0/O, illustrate that FR actions in this system probably proceed in
condensed phase [24, 25]. Adding a lot of Cl, or HCl into O,/N, does not affect the
LOI of PE/CP system. What is more, the LOI of PE/30% CP in O,/N, is 22%. If CP
from which a certain amount of HCl was removed at high processing temperature
was used for PE, LOI of PE/30% CP (in O,/N,) still remains to be 22% [3]. All of
these illustrate further the condensed phase FR effects of PE/PC. But FR functions
of CP to PP mainly occur in gas phase. For PP/CP (30%), its LOI is 28%, and after
abstracting part of HCI from CP, the LOI of PP/CP (30%) decreases to 22% [3].

The difference of flame-retardation mechanism between PE/CP and PP/CP is
because of the fact that CP causes PE crosslinking at high temperature, whereas PP
induces chain fracture. For example, keeping PE/CP (30%) or PP/CP (30%) in N, at
260°C for a certain time, crosslinking occurs in the former, whereas the relative
molecular mass of the latter falls from nearly 10° to about 10* [3]. In addition, CP
can also change the composition of volatile products released from PE (PP)/CP at a
high temperature.

In fact, the FR performances of any FR are often a result from combined actions
of several kinds of flame retardation mechanisms.

2.2 Flame retardation mechanism of halogen/antimony
synergistic system

2.2.1 Overview

To improve the efficiency of FRs, halogen derivatives are usually used with syner-
gistic agents altogether. A number of synergistic agents are available among which
the most important one is Sh,05 (Sh,05 itself is of no FR effect). The action modes of
various synergistic agents are quite different, among which are capture mechanism
of free radicals, flame retardation mechanism in condensed phase, expansion ef-
fects, and physical actions. Moreover, the synergistic efficiency (SE) of different
agents varies greatly.

The so-called synergistic system refers to a FR system containing two (one is a
FR, the other is an agent possessing synergistic functions) or more than two compo-
nents; however, the system’s FR effects are better than the sum of FR effects deter-
mined by all of the single components. To compare different synergistic systems,
the term “synergistic efficiency” was introduced. SE is defined as FR efficiency
(EFF) ratio on certain loadings of synergistic system to single FR (without synergis-
tic agent), and EFF is defined as the increase of LOI of flame-retarded matrix (load-
ings are within a certain range) by unit mass of FR elements. In most cases, SE
value is calculated according to the results of synergistic system with optimum FR
efficiency.
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SE values of two synergistic systems: Aromatic bromide/Sh,0; and aliphatic
bromide/Sh,03 are, respectively, 2.2 and 4.3. SE value of polystyrene with aliphatic
chloride/Sh,05 is 2.2 (calculated value) [1]. Formulations based on halogen/anti-
mony systems are widely used in all kinds of polymers, such as cellulose, polyester,
polyamide, polyolefin, polyurethane, polyacrylonitrile, polystyrene, etc.

X/Sh synergistic system also has FR actions in both gas phase and condensed
phase, but the former is generally the priority.

2.2.2 Flame retardation chemical mechanism of X/Sb synergistic system
in gas phase

Synergistic FR effects of antimonides to halides were found when using CP/Sh,05 to
treat cellulose. These kinds of effects were observed later in FR by involving a series
of polymers. Gas activator of X/Sb system was originally considered to be SbOX re-
leased from the flame-retarded polymers when heated; so, the atom ratio of X to Sb
of X/Sb system was 1:1 when used. Later, it was found that when the atom ratio was
increased to 2:1 or even 3:1, the FR efficiency improved [26].

Chemical flame retardation mechanism of X/Sh system in gas phase is based on
(1) insulation of oxygen owing to high density vapor of SbX; and Sb,,0,,X,; (2) inhi-
bition of chain oxidation reactions (chemical inhibition from X and physical inhibi-
tion of wall effect) [27]; (3) increase of X’s lifetime by Sb,,0,,X,, intermediates, and
free radical reactions interfering combustion propagation [28].

Most of Sb is evaporated or transferred to charcoal when X/Sb flame-retarded
materials are burning.

The action modes of halogen/antimony synergistic system are mainly based
on mechanism in gas phase. In general, on thermal cracking of flame-retarded
polymers with this system, HX is first released from decomposition of halogen-
containing compound itself or its reactions with Sh,03; or with polymer. Then,
HX reacts with Sh,0; to form SbX; and SbOX. Although in the first stage, the
thermal cracking generates a certain amount of SbX3;, mass loss of material also
indicates that some other antimony compounds (antimony oxyhalides) with low
volatility are also formed, probably by halogenation of Sb,0s;. In this process,
gaseous SbX; escapes to gas phase, whereas SbOX (a strong Lewis acid) re-
mains in condensed phase, promoting the cleavage of C—X bond.

Speaking further, halogenation of Sh,05 gives a series of compounds Sb,0,,X,,
(with higher X content) which can heat disproportionate into Sb,0,X, (with lower X
content) and volatile SbXs. This disproportionation is related to temperature, and
relative stability and chemical reactivity of Sb,,0,,X,,. Some Lewis acids are catalysts
of dehalogenation process [29].

FR effects of SbX; are mainly derived from two functions: first, providing HX in
early stage of combustion; second, forming a cloud composed of fine particles of

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

54 —— 2 Flame retardation mechanism of halogenated flame retardants

solid SbO in center of combustion zone. Flame retardancy of SbO has nothing to do
with HX. For example, single Ph;Sb has good FR actions for epoxy resin. The reason
is that Ph;Sb with low volatility is susceptible to oxidation, forming SbhO in gas
phase and playing FR roles [30]. In addition, SbO is so stable in flame that it can
catalyze combination of H:, O-, HO- and other free radicals.

Referring to literature [1-4], chemical reactions of X/Sh system in gas phase
may be summarized in eqgs. (2.14)—(2.38). At high temperatures, Sh,05 reacts with
HX generated by the decomposition of halogenated FRs, giving SbX; and ShOX
[(2.14) and (2.15)].

Sb203(5) +6HX —— 28bX3 + 3H20 (214)
Sby05(s) +2HX =S 2ShOX(s) + H,0 (2.15)

The generated SbOX further decomposes to SbX; and antimony oxyhalides
[(2.16)-(2.18)].

55b0X(s) 2272%C Sh,05X,(s) + SbXs(g) (2.16)
4Sb,05X,(s) °°C 59b,0,X(s) + SbXs(g) (2.17)
35h;04X(s) ZC 48h,04(s) + SbXs(g) (2.18)

In addition, in higher temperature, solid Sh;05 can be gasified (2.19).

SbX; generated in the above reactions can capture active free radicals, change reac-
tive modes and restrain combustion reactions in gas phase [(2.20)-(2.26)].

SbX;+H. —— HX+SbX;- (2.20)
SbX; — > X- +ShX,- 2.21)
SbX;+CH;- — > CH3X +SbX,- (2.22)
SbX,- +H- —— SbX. +HX (2.23)
SbX,- +CH;- —— CH3X+ShX- (2.24)
SbX.-+H- —— Sb+HX (2.25)
SbX. +CH;- —— Sb+CHsX (2.26)

At the same time, the decomposition of SbX; can slowly release X- which can combine
with active free radicals (such as H-) in gas phase and keep the time of quenching
flame longer. This means that the life of radical scavengers is extended in combustion
zone, increasing the probability of combustion reaction inhibition [(2.27)—(2.32)].
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X-+CH;- —> CH5X .27)

X-+H- ——= HX (2.28)

X.+HO,- —— HX+0, (2.29)

HX.+H.- —— H,+X. (2.30)

X- +X- +M- —— X, M (M is a material absorbing energy) (2.31)
X;+CH;- —— CH3X+X- (2.32)

Finally, O- can react with antimony to form SbO in combustion reaction zone, and
SbO can capture H- and OH- in gas phase. This also helps to stop combustion and
makes flame self-extinguished [(2.33)-(2.38)].

Sb+0- +M —— SbO- +M (2.33)
Sb+0- —— SbO (2.34)
SbO-+2H- +M —— SbhO- +H, +M (2.35)
SbO.-+H.- —— SbOH (2.36)
SbOH+H.- —— SbO+H, (2.37)
SbOH+OH.- —— SbO- +H,0 (2.38)

As for Br/Sh system, for example, polymer flame retarded with DBDPO/Sh,05 gener-
ates mainly Shg0;;Br, on intensively heating or burning; however, Sb,0sBr, has not
been detected in combustion products. This may be because of the fact that when
Sbg04,Br, is brominated into Sb,05Br», it rapidly eliminates SbBr; by hot dispropor-
tionation reaction [31].

The flame retardancy of SbX; in gas phase has already been acknowledged. For
example, when SbX; was added into CH,/0, combust, only Sb and SbhO were found
in flame, and Sb,05; was discovered in the front-flame zone. SbX; has not been de-
tected in flame [3] because it has the above reactions.

As for Cl/Sb system, regardless of whether HCl is released upon heating,
Sbg0,,C), is primarily generated on the approximate polymer combustion condi-
tions, and Sbg0,,C;, further transforms to Sh,0sC;, at high temperature. Thus,
Sb,05Cy, is the main antimony oxychloride. Then, Sb,05C;, becomes ShCl; by hot
disproportionation or direct complete oxidation with low velocity. SbOCI is so active
at high temperature that it is difficult to confirm its existence [3].

Figure 2.2 shows LOI curves [3] of PP/CP/Sh,0; in 0,/N, and in N,O/N..
Curves prove that this ternary system mainly retards flame in gas phase. Maxi-
mum value appears in 0,/N, curve when the ternary system contains a certain
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Figure 2.2: LOI curves of PP/CP/Sb,05 ternary system [3].

amount of Sh,03;, whereas the LOI curve in N,O/N, is unchanged with Sh,0;
loading.

Synergism of X/Sbh system involves reactions of antimony compounds (such as
Sh,03) with halogenated compounds or with their decomposition products (such as
HX). Therefore, the synergism of this system relates to X/Sb atom ratio and the de-
gree of decomposition of halogenated compounds.

Physical modes

In addition to chemistry actions, functions of X/Sb system in gas phase have physi-

cal roles and may include at least the following [1]:

(1) SbX; vapor with high density can stay in the combustion zone for a long time
and play the roles of dilution and coverage (“blanket” effect). The insulation
against oxygen of “blanket” effect is very effective in suppressing pyrolysis and
combustion of materials, because gas-phase ignition usually occurs in com-
bust—air mixture adjacent condensed phase. Velocity of oxygen into condensed
phase may affect polymer thermal cracking rate. Velocity of oxygen into mate-
rial and diffusion rate in material reduce possibilities of material cracking
and combustion decrease. There is no doubt that a number of halogenated
compounds and noncombustible gases released from material’s cracking can
hinder oxygen penetration to the interior materials and inhibit further thermal
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cracking of materials. For example, the rate of isothermal cleavage of cellulose
in the presence of air is one order of magnitude higher than under vacuum.
And as for viscose fiber, cleavage rate in the presence of air decreases linearly
with fiber orientation degree. This may be because polymer orientation short-
ens the gap between chains, and the chains arrange more closely. So, the rate
of oxygen getting into polymer or/and diffusing in polymer reduces and the
cracking velocity decreases.

(2) Decomposition of SbhXj; is an endothermic reaction. This can effectively reduce
the temperature and decomposition speed of the flame-retarded materials.

(3) The surface effect of liquid and solid SbX; microparticles can reduce the flame
energy.

In some cases, the physical modes of X/Sb system in gas phase can estimate FR
loading necessary for flame suppression. The physical modes and free-radical
capture theory might replenish with each other, but it is quite difficult to identify
the respective contribution of these two modes to flame retarding. This often de-
pends on structures and performances of flame-retarded materials and FRs, flame
parameters and conditions, as well as sample size and other factors.

2.2.3 Flame retardation mechanism of X/M synergistic system in condensed phase

Although X/M system has been widely used, the flame retardation mechanism is
still not fully understood. However, it is possible that X/Sb system also has con-
densed-phase FR functions in addition to gas phase ones [32]. It is known that
several systems containing Sh,05; possess flame retardancy in condensed phase.
For example, adding Sh,05 into cellulose fabric treated with chloride can lower
charring temperature. When using X/Sb system for cellulose, ShCl; formed in
situ reacts with cellulose. This changes thermal decomposition route of cellulose
and forms solid or liquid particles containing antimony, and the particle surface
provides sites for absorbing energy. All described above may attribute to con-
densed-phase actions. Adding Sh,05 into polyolefin treated with aliphatic chlo-
rinated compounds [dechlorane (DCRP)] significantly improves degree of char
forming [1]. Moreover, in some polymers containing X/Sh, char formation is im-
proved and the functions in condensed phase enhanced with the increase of Sb
loading. Direct evidences of condensed-phase mechanism of X/Sb system have
not been reported. But some evidences of condensed-phase mechanism of X/Bi
system [3] might be used for X/Sb system. This is described below.

Separately measuring LOI of ternary system of PP/CP/bismuth carbonate (BC)
in 0,/N, and in N,O/N,, the obtained two curves are shown in Figure 2.3 [32]. Both
show a maximum of LOI, and both Cl/Bi atom ratio and BC loading corresponding
to these two maximum points are the same. This simplifies that the action modes
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Figure 2.3: LOI curves of PP/CP/BC [3].

of Cl/Bi synergistic system may be mainly carried out in condensed phase.
In addition, in the system with maximum LOI, PP pyrolysis rate is also low [33].
What’s more, the efficiency of increasing LOI of BiCl; for PP is less than ternary
system of PP/CP/BC. This is also evident that PP/CP/Bi possesses condensed-
phase effects.

In addition, BiCl; or BiOCl has similar effects to BC for PP/CP system [34].
Therefore, condensed-phase flame retardancy of PP/CP/BC may be better than gas-
phase flame retardancy of BiCl; released from the system. In fact, FR efficiency of
BiCl; in gas phase is only slightly better than HCl, whereas Cl-Bi synergistism in
PP/CP/BC system is very obvious, showing that there must exist condensed-phase
flame retardancy. What is more, as for PP/CP system, the synergistic effects of BC
are more effective than Sh,05 [29]. According to reports [35], flame retardation of
ShCl; is better than BiCl; in gas phase; thus, high effects of PP/CP/BC should be
partly from condensed phase.

PP/CP/BC’s condensed-phase FR actions may be due to the weakening of PP’s
heat cracking, because BiCl; released from the system can catalyze condensation of
CP with PP (by double bond addition at end bond), thus reducing unsaturation of
end bonds and evaporation rate of PP. In addition, bismuth may also stabilize PP’s
cracking [3].

The results obtained by PP/CP/BC might also be applied to other metals or
metal compounds which can improve PP’s LOI.
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2.3 Suitable Sb/X atom ratio in X/Sb system

In 1930, people found the synergistic effects between halogenated FRs (such as CP)
and Sb,0s. This important achievement was regarded as an epoch-making mile-
stone in FR technology. It has laid the foundation of modern FR chemistry. Today,
X/Sh synergism is still an active subject in the field of FR technology, and the suit-
able ratio of Sb/X is on the focus.

Taking flame-retarded PP for an example, three topics will be discussed below:
(1) relationship between Sh/X ratio and FR performances (oxygen index, ignition
time, etc.); (2) principles of selecting suitable Sb/X ratio and (3) effects of FR’s
chemical structure on suitable Sb/X ratio [36, 37].

2.3.1 Relationship between oxygen index and Sb/X atom ratio

When different brominated FRs and Sb,0; are for PP, the relationship between PP’s
LOI and bromine content is shown in Figure 2.4. Every system has an optimal Sb/X
ratio. 2,3-Dibromopropyl pentabromophenyl ether containing alkyl bromine can
endow PP with comparatively high LOI (29%), whereas the LOI of PP with tetrabro-
mophthalic anhydride containing only aromatic bromine is up to at most 24%. As
for improving PP’s LOI, the efficiency of bromine from 2,3-dibromopropyl pentabro-
mophenyl ether/Sh,03 is 2 times as good as the 1 time from tetrabromophthalic an-
hydride/Sh,05. At the same time, FR efficiency is not always proportional to FR’s
total loading and is quite relevant to FR’s chemical structures in the presence of
Sh,0; (see Figure 2.4).

LOI (%)

Figure 2.4: Relationship between LOI and bromine content
of PP/brominated FR/Sb,03 [36]O - 2,3-Dibromopropyl

0T . . pentabromophenyl ether (atom ratio of Sb/Br 0.23);
10 20 A - tetrabromophthalic anhydride (atom ratio of Sb/Br
Bromine content (%) 0.27).

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

60 —— 2 Flame retardation mechanism of halogenated flame retardants

As for PP/2,3-dibromopropyl pentabromophenyl ether/Sh,0;, when FR’s loading is
9% or 23% and Sb/Br ratio is 1/4, the flame-retarded PP will reach the highest LOI
(see Figure 2.5) and the shortest self-extinguishing time. It is reasonable to judge
the flame retardancy by self-extinguishing time for materials with LOI within a cer-
tain range. For this type of materials, when FR’s loading is less than 3%, the self-
extinguishing time changes obviously with the change of FR’s loading. LOI is suit-
able for flame-resistance evaluation of systems with high efficiency. Materials pass-
ing UL94V-0 test and having different LOI usually show variable ignition.

31F
30
S
= 29F
S
28 +
27 Figure 2.5: LOI of PP/2,3-dibromopropy!
L pentabromophenyl ether/Sh,05 with different atom
ratio of Sb/Br [37] A — 4.5% (mass) FR loading;

® — 9% (mass) FR loading; O — 23% (mass) FR
Sb/Br loading.

Some experimental results have shown that PP with 2,3-dibromopropyl pentabro-
mophenyl ether containing mixed bromine will reach a relatively high LOI at a low
heat flux intensity. PP with decabromodiphenyl oxide (DBDPO) containing a single
aromatic bromine has a relatively low LOI, and its combustion could be suppressed
at high heat flux. Therefore, it may be better to use two kinds of brominated FRs
(with alkyl bromine and without alkyl bromine) for PP FR formulations [36].

2.3.2 Relationship between ignition time and Sb/X atom ratio

Figure 2.6 is the relationship between Sh/Br ratio and ignition time, when 9% of
different brominated FRs [pentabromotoluene, pentabromophenylpropyl ether, tri
(2,3-dibromopropyl)isocyanurate] and Sh,05 are used for PP. On addition of bromi-
nated FRs and Sh,0; into PP, if FRs decompose and react with Sh,0s, the ignition
time will be shortened. For example, the ignition time of neat PP is 28 s, whereas

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.3 Suitable Sb/X atom ratio in X/Sb system = 61

25

20

=y
1%,

Ignition time(s)

[y
o
T

0 1 1 1 I
0.2 0.4 0.6 0.8 1.0

Sb/Br

Figure 2.6: Relationship between ignition time and Sh/Br atom ratio of flame-retarded PP
(FR’s total loading 9%) [36] OO — pentabromobenzene; M — pentabromophenyl propyl ether;
O - dibromopropyl pentabromophenyl ether; A - tri(2,3-dibromopropyl)isocyanurate.

for the above flame-retarded PP, it is 10-20 s. As for FRs containing aliphatic bro-
mine, when Sb/Br ratio is 1/4.5-1/3, the ignition time appears minimum value. In
addition, PP/tetrabromo bisphenol A bis(2,3-dibromo-propyl) ether/Sb,05 possesses
best LOI at Sh/Br ratio of 1/4. For FRs containing aromatic bromine (no aliphatic
one), the relationship curve between ignition time and Sb/Br ratio does not have
the lowest point, and LOI of aromatic brominated PP is lower than that of aliphatic
brominated PP (at the same bromine content in PP). Therefore, the synergistic ef-
fects between Sh,05; and brominated FRs are related to the structure of FRs, and the
better synergism between brominated FRs with alkyl bromine and Sbh,03; may be be-
cause of the generation of acid HSbBz,.

2.3.3 Relationship between heat release rate and chemical structure
of brominated FRs

Due to heat release rate (HRR), aromatic bromides are better than aliphatic/aro-
matic mixed or aliphatic ones. The HRR of PP flame retarded by aromatic bromide
and Sb,03; (under burning at 500 °C) is far less than that of PP by aliphatic one.
When aliphatic bromide/Sh,0; is used for PP and bromine content is about 20%,
the HRR of flame-retarded PP is equivalent to half of that of neat PP; when aromatic
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bromide/Sh,05 is used, 10% of bromine content in PP can achieve the same effect.
Obviously, for PP/mixed or aliphatic bromides/Sb,05 system, HRR is not so satisfac-
tory; but its LOI is pretty well [37].

In short, when PP is flame retarded with Sh,05, and halogenated FRs with differ-
ent chemical structures, better performances are obtained at different Sb/X ratio, be-
cause different FRs have different SE with Sb,0s. For enhancing LOI, the synergism
of general aliphatic or mixed bromine with Sb,05 is better than aromatic bromine. PP
flame retarded with 2,3-dibromopropyl pentabromophenyl ether/Sb,05 has the high-
est LOI and the shortest self-extinguishing time at Sh/Br ratio of 1/4. PP with aliphatic
brominated FR/Sh,0; shows the shortest ignition time at Sh/Br ratio of 1/4.5-1/3.

2.4 Synergism between halogenated FRs and nanocomposites
2.4.1 Synergism with PP nanocomposites

Melting PP-g-MA and blending it with nano-organic clay (MMT), DBDPO and AO,
nanocomposites with delamination-exfoliation mixed structures (confirmed by
X-ray diffraction and transmission electron microscopy) are obtained. DBDPO can
also be replaced by CPs. But if compatibility between PP and organic clay is poor,
CP can not be well dispersed in PP containing DBDPO/AO.

The mechanical properties (yield stress, elongation at break and storage modu-
lus) of the above PP-g-MA/MMT/DBDPO-AO nanocomposites are listed in Table 2.2
[38, 39]. PP-g-MA containing 5% of MMT compares with a single PP-g-MA, the yield
stress increases by 19%, the storage modulus increases by 100% and the elongation
at break decreases only by 1%. Adding some DBDPO into PP-g-MA can also improve
the storage modulus but the degree is not as large as MMT. On adding DBDPO and
AO into PP-g-MA/MMT (5%), some mechanical properties are not affected, but the
yield stress increases and the degree is similar to that of MMT. Of course, DBDPO/
AO can improve flame retardancy of composites. That is to say, adding halogenated
FR and antimony synergist into nanocomposites can not only improve flame

Table 2.2: Mechanical properties of PP-g-MA/MMT/DBDPO/AO nanocomposites [39].

Sample Yield stress (MPa) Elongation at Storage modulus

break (%) (MPa)
PP-g-MA 16.9 5.4 462
PP-g-MA/MMT/DBDPO (22%) 15.1 4.2 628
PP-g-MA/MMT (5%) 20.1 4.2 955
PP-g-MA/MMT (5%)/DBDPO 23.3 3.8 950

(22%)/A0 (6%)
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retardancy but also maintain or optimize mechanical properties. This means that
they are compatible with each other.

2.4.2 Synergism with ABS nanocomposites

Heat release rate (HRR) curves of ABS, ABS/MMT, ABS/DBDPO/AO and ABS/MMT/
DBDPO/AO [38, 40] are shown in Figure 2.7. As can be seen from the chart, the PHRR
of polymer/organic clay nanocomposites is far lower than that of the original poly-
mers. Adding DBDPO into composites further decreases PHRR. AO addition has even
larger effects on decreasing peak heat release rate (PHRR). This means that there is
a synergistic effect between organoclay and halogenated FR. In the halogenated
flame-retarded polymers, replacing part of FRs by MMT and reducing the loading of
halogenated FRs will not only impart the material satisfactory flame retardancy and
excellent mechanical properties but also reduce the negative effects brought by
halogenated FRs (such as smokiness, toxicity, corrosivity). For example, as for PHRR,
ABS is 1078 kW/m? ABS/MMT (5%) 720 kW/m? ABS/MMT (5%)/DBDPO (18%)
350 kW/m? and ABS/MMT (5%)/DBDPO (15%)/A0 (3%) 235 kW/m>.

1200 —
_| —&— ABS
—&— ABS/5%MMT
1000 —| —%— ABS/15%DB/3%A0
- —¥— ABS/15%DB/3%A0/5%MMT
800 —|
NE —
S 600 — PHARR:349 kw/m?
= _
(a4
T 400 - PHARR:235 kw/m?
200 —
0 ; |

0 50 100 150 200 250 300 350
t(s)

Figure 2.7: HRR curves of ABS, ABS/MMT (5%), ABS/DBDPO (15%)/A0 (3%) and ABS/MMT (5%)/
DBDPO (15%) /AO (3%) [40] (cone calorimeter, heat flux 50 kW/m?).

Addition of 5% MMT into flame-retarded ABS by DBDPO or DBDPO/AO increases LOI
only by about 0.5%, but addition of 5% of MMT into DBDPO flame-retarded ABS (no
antimony, etc.) will help the material pass the UL94 V-0 FR grade (see Table 2.3) [40].
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Table 2.3: Influences of MMT on ABS/Br and ABS/Br/Sh systems [40].

Sample LOI (%) UL 94

ABS 18.7 Combustion
ABS/MMT (5%) 21.5 Combustion
ABS/DBDPO (18%) 22 Combustion
ABS/MMT (5%)/DBDPO (18%) 22.6 V-0
ABS/DBDPO (15%)/A0 (3%) 27 V-0
ABS/MMT (5%)/DBDPO (15%)/A0 (3%) 27.5 V-0

2.4.3 Synergism with PBT nanocomposites

In Br/Sb flame-retarded reinforced PBT containing 9% of DBDPO and 4.5% of Sh,05,
addition of 1% of organoclay (multiple modifier) and 0.3-0.5% of alkali metal salts
will make the material self-extinguishable, producing no droplet, passing UL 94 V-0
grade and getting satisfactory impact strength (see Table 2.4) [38, 41]. This shows
that there is a good synergistic effect between Br/Sb and organoclay in PBT. Organo-
clay disperses well in PBT and the composite shows exfoliation structure.

Table 2.4: Formulations and performances of reinforced PBT with Br/Sb and organoclay.

Formulation (%) 1 2 3 4 5
PBT 55.0 55.1 55.0 55.2 55.2
Glass fiber 30.0 30.0 30.0 30.0 30.0
DBDPO 9.0 9.0 9.0 9.0 9.0
Sb,03 4.5 4.5 4.5 4.5 4.5
Modified MMT? 1.0 1.0 1.0 1.0 1.0
Potassium oleate 0.5 0.4 0.5 0.3 0.3
Performance

UL 94 V-0 (no drop) V-0 (nodrop) V-0 (nodrop) V-0 (nodrop) V-0 (nodrop)
'(E?:;t)s"e"gth 25.9 25.8 22.5 32.2 29.0

'MMT used for different samples were modified by different modifiers

2.4.4 Reaction mechanism between nanocomposites and halogenated FRs

As mentioned before, halogenated FRs suspend combustion process in gas phase
via inhibition of free radical chain reactions. When antimonides (such as AO) are
used as synergistic agent of halogenated FRs, SbX3 is formed to further slow down
or prevent flame radical chain reactions and to enhance flame retardancy of haloge-
nated FRs. If bromide/AO is compounded with nanocomposites, AO can react with
NaBr [42] (NaBr is an impurity of organic clay, because in clay modification process,
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sodium ions have not been completely substituted by ammonium ions) and LS"H"
to produce SbBr; (2.39). LS"H" is formed by thermal decomposition of organoclay
modified with ammonium salts (2.40). LS"H" dispersed in clay layers of polymer
matrices may have catalytic effect (2.39).

3LS"H* +6NaBr + Sb,0; —>> 3LS™Na* +2SbBr; + 3H,0 (2.39)
CH,
! —> IS H" + HC—N + H,C = CH(CH,);CH,
LS™N CH, (2.40)
CH,(CH,),,CH;
CH,

When bromide/AO is added into PA, three main processes take place [43, 44]: (1)
formation of termination agent for free radicals chain reactions, that is, SbBrs; (2)
promotion of char formation through dehydrogenation reaction and (3) formation
of HBr as a barrier between gas phase and condensed phase. Although bromide/AQO
is a very effective FR, it will promote degradation of PA chain, producing combusti-
ble monomer and its analogs (2.41) [43,44]. LS"H" formed in reaction (2.40) has cat-
alytic effects on thermal degradation of PA (2.42). Compounding bromide/AO and
PA6/MMT nanomaterials, SbBr; can react with -NH;"Br~ forming antimony com-
plex (2.43). This is one of the reasons that Br/Sh,05 can play roles in condensed
phase [42].

v NH—Couvnn + HBYf —— 7NH3*BrH’ + vwuC—O0H

(2.47)
0]
LS™Na*+ v NH —C oo+ NaBr L» LS™Na*+-NH,"BrH™ + vwwnC— (2.42)
4
0
XSbBr; +y-NH,*Br~ ——— xSbBr;-yNH,Br (2.43)

The thermal decomposition reaction of PA/MMT/bromide/AO nanocomposites will
be slowed down because of the barrier effects of nanodispersion clay layer. Syner-
gistic effects between MMT and bromide/AO will change the flame retardancy of
PA. Flame retardancy of nanocomposites measured by conventional methods (such
as UL94 vertical burning) shows that compatibility and synergistic effects exist
among bromide/AO/MMT/polymer matrix. For example, the flame retardancy of PP
and ABS FR nanocomposites are improved because of the effects mentioned above.
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3 The flame-retardation mechanism of organic
phosphorus flame retardants

Currently, most of the organic phosphorus flame retardants improved their properties
of retardation of combustion mainly in condensed phase, including flame suppres-
sion, the heat consumption of melt flow, the surface barrier produced by phosphoric
acid, carbon catalyzed by acids, thermal insulation and oxygen insulation for carbon
layers, etc. Besides, a lot of phosphorus compounds have flame-retardant function
both in condensed and gas phase [1]. For a specific system of phosphorus retardation
of combustion, the performance proportion of its retardation of combustions in con-
densed and gas phase is related to a range of factors, such as (1) the types and struc-
tures of the polymers, (2) elemental phosphorus or phosphorus in the compound, (3)
the valence state of the phosphorus in the compound, (4) the elements and groups,
etc., that are surround with phosphorus. Chemical and physical action modes are
present in both the condensed and gas phase. All actions are affected by the interfer-
ence, synergism, antagonism and additional actions of other additives in the system.
The flame-retardation mechanism of organic phosphorus compounds has been sum-
marized in some monographs [2-4].

3.1 The flame-retardation mode in condensed phase

No matter whether it is flame-retardant thermoplasticity or thermosetting polymers,
the main function of phosphorus flame retardants is not in gas phase but in the
condensed phase. High performance of phosphorus flame retardants cannot be
achieved only in gas phase. The performance of phosphorus flame retardants in
condensed phase mainly lies in two aspects: one is to reduce the formation of com-
bustible products, and the other one is to promote carbonization. In some cases, it
can also enhance coherence and strength of the carbon layer. In phosphorus flame-
retardant systems, most of the phosphori remain in the carbon layers. In some poly-
mers, such as polystyrene(PS), the phosphorus compounds can change the genera-
tion rate of combustible gaseous products and, thus, can change the combustions
of high polymers [5].

The efficiency of phosphorus flame retardants in different polymers is often re-
lated to their dehydration and carbonization, both of which are related to the fact that
whether the polymers contain oxygen or not. For example, the oxygen-containing
cellulose can improve considerable flame-retardant properties if 2% P is provided [6].
But oxygen-free polymers, such as polyolefins and polystyrenes, are not easy to be
carbonized; thus, phosphorus flame retardants are not effective to them. However,
polymers without reactive functional groups can form oxygen-containing groups or
double bonds when organic phosphorus flame retardants combust with them on their

https://doi.org/10.1515/9783110349351-003
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surfaces. The heterocyclic compounds, if formed, can be a part of intumescent
carbon layers. In order to effectively improve the carbonization of phosphorus
flame retardants, an important way is to add extra carbonization agents into the
polymer. Some high molecular weight carbonization agents are not only helpful
to improve flame-retardant properties but also helpful to improve the thermome-
chanical properties of materials, whereas some only have flame-retardant prop-
erties [4].

The interaction between phosphorus compounds and polymer without —OH
group is discussed. Sometimes, phosphorus compounds are first oxidized; so when
flame retardants made by phosphorus compounds are used in oxygen-free poly-
mers, most phosphori in the system may be evaporated due to the formation of
oxide compounds (such as P,Os or other compounds) during thermal cracking of
phosphorus compounds [7].

In terms of flame retardation mechanism in condensed phase, we must pay at-
tention to improve the interactions between flame retardants and high polymers. It
usually happens when the temperature is lower than the decomposition tempera-
tures of flame retardants and polymers. The main reactions are dehydration and
cross-linking (promoting into carbonization). For example, such interactions exist
between celluloses, synthetic polymers and flame retardants [8].

A typical example of phosphorus flame retardants in the condensed phase is
the flame-retardant properties of phosphoric acids and/or organic phosphates as
well as inorganic phosphates to celluloses [9]. When there are such flame retard-
ants (containing P-0-C bond), hydroxyl radicals of celluloses are phosphorylated
and the thermal degradation routes of celluloses are changed, then it will be very
helpful for the celluloses to be carbonized even though they can dehydrate, not
depolymerize the celluloses.

3.1.1 The modes of carbonization

Phosphorus flame retardants can increase the char yield, especially for oxygen-
containing polymers. In fact, the phosphorus compound is a kind of carbonization
promoting agent.

When acting on celluloses, the phosphorus flame retardant will be decomposed
into phosphoric acids or anhydrides at high temperature, and the latter one can
phosphorylate celluloses and release water. The phosphorylated cellulose can be
further converted into carbon. In this case, the functions of phosphorus flame
retardants are as follows: (1) generating steam which cannot combust, (2) reducing
the amount of combustible materials and (3) the protection role of the carbon layer.
The flame-retardant efficiency would be higher if the carbon layer has oxidation re-
sistance. But even the transitional carbon layer also has a certain effect on flame-
retardant property. Even though the carbon layer is oxidized (usually happening by
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smoldering), but the presence of phosphorus compounds can prevent carbon from
being oxidized into carbon dioxide, thus reducing the heat released during the pro-
cess of oxidation [4].

When the phosphorus flame retardant acts on celluloses, its retardation of
combustion in condensed phase may contain two dehydration carbonization
mechanisms: first, the cellulose is subsequently decomposed into carbon by ester-
ification reaction with acids (see eq. (3.1)); second, carbonium ions catalyze and
disproportionate the cellulose to dehydrate into carbon (see eq. (3.2)) [3].

R,CH - CHR'OH + ZOH(acid) — R,CH - CHR'OZ + H,0 — R,C=CHR +ZOH (3.1)

Z is an acyl free radical

R,CH - CHR'OH — R,CH-CHR'OH,* +H,0 — R,C=CHR +H* (3.2)

However, the retardation of combustion of the cellulose mainly lies in reaction
(3.1). The flame-retardant efficiency of phosphides is related to fine structures of
polymers (cellulose). For example, the temperature of polymers in amorphous re-
gions is lower than crystalline regions, and the former one sometimes decomposed
before the decomposition of phosphate flame retardant, which reduces the effi-
ciency of the flame retardant. Strong acids can hydrolyze the crystalline region of
celluloses to deteriorate fire retardation performance [3].

Cross-linking can promote carbonization during the thermal cracking of the cel-
lulose; thus, it can reduce the combustibility of polymers in many cases (but there
are exceptions). For example, the char yield of PS with cross-linking after thermal
cracking can reach 47% [10], but the char yield of PS without cross-linking is almost
zero. Some organometallic compounds can promote carbonization of polymers into
carbon by cross-linking.

Cross-linking can stabilize the structures of celluloses because of additional co-
valent bonds formed between polymer chains (stronger than hydrogen bond), but a
low degree of cross-linking will reduce the thermal stability of celluloses due to the
increased distance between individual chain segments and, thereby, weakening
and breaking the hydrogen bonds. For example, the increase of formaldehyde
cross-linking can improve the limited oxygen index(LOI) of cotton fibers to some
extent [3].

Since the —OH radicals of neighboring chain segments in celluloses can form
oxygen bridges bonds, celluloses can form char rapidly and automatically by cross-
linking. Celluloses lose weight due to anhydration, and the formed carbon layer
can improve the thermal cracking temperature.

The flame-retardant performances of phosphorylated polyvinyl alcohol and eth-
ylene-vinyl alcohol copolymers are higher than those without being phosphorylated.
It is because dehydration, cross-linking and carbonization happen to phosphoryla-
tion system in condensed phase (see reaction (3.3)) [11].
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Introducing phosphori into polymers (such as PS and polymethyl methacrylate,
PMMA) by copolymerizing with phosphorus-containing monomers can greatly improve
the flame-retardant properties and the rate of char yield of the polymers after reactions
[12]. As most of the phosphori remain in the carbon layer, they follow condensed-
phase flame retardation mechanism. In addition, the copolymers formed by acryloni-

trile and phosphorus-containing monomers have obvious P-N synergy effects [13].

Copolymers produced by copolymerizations of PMMA and reactive phosphates
have flame-retardant properties both in gas and condensed phase (carbonization). The
flame-retardation mechanism of the latter happens due to the production of phospho-
ric acids when the system is heated. Then, phosphoric acids react with methyl acrylate
to form methacrylic anhydride, which decarboxylates into carbon (see eq. (3.4)) [14].
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The products formed by copolymerization of polyacrylonitrile (PAN) with phospho-
rus-containing monomer can improve their flame-retardant properties in condensed
phase. When the PAN is heated, the intramolecular cyclization will happen (phos-
phorus-containing acids can accelerate this cyclization as the nucleophilic center
generated by thermal cracking of the side chain), thereby reducing the generation
of volatile products (including monomers) and increasing char yield (see Section
3.4.1, “Phosphorus—nitrogen synergy effect”) [15-16].

In rigid polyurethane foams, the phosphorus compound can promote char
yield. The carbon layers become better flame-retardant barriers because most of
phosphori remain there. Furthermore, the phosphorus flame retardants in the poly-
foam also perform a flame retardation mechanism in gas phase besides carboniza-
tion. On the contrary, in flexible polyurethane foams, the situation is different. The
main function of phosphorus flame retardants in soft polyurethane foams is not car-
bonization. It can only form a little carbon, insufficient to become a fire barrier [4].

In polyethylene terephthalate (PET) and PMMA, phosphorus flame retardants can
increase the residual contents after the combustion and delay the release of volatile
combustible products. It is because the PET and PMMA have acid esterification cross-
linking reactions, thereby promoting char yielding [17,18]. When red phosphorus is ap-
plied on PA6, LOI and NOI (N,O-measured index) are very similar to the relation curve
of flame-retardant amount; thus, red phosphorus is likely to follow condensed-phase
flame-retardation mechanism. Infrared spectrum shows that when PA6 is heated on
fire with red phosphorus as flame retardant, it is oxidized to phosphoric acids, whereas
PA6 molecules combine with phosphoric acids via alkyl esters [3, 19].

Though char yield of phosphorus flame retardants in PA is not high, some het-
eropoly acids can further improve the char yield and provide materials with the
flame-retardant level as high as UL94V-0. Some experiments indicate that if the
concentration of ammonium polyphosphates in PA6 is high enough, it can form in-
tumescent char layer. One type of cross-linking coating with P-N bond also helps
to protect char layer, therefore improves the flame retardancy. [3, 4]

For the char-forming polymer polyphenylene, it can rearrange into polythene
cross-linked by the methylene, the latter can be dehydrated and dehydrogenated by
the phosphate to be carbonized. The phosphorylation of rearranged phenols may
be the first step of carbonization [4].

3.1.2 The coating effect mode

Phosphorus coating also suppresses smoldering combustion of carbon. The mecha-
nism is probably that the surface of carbon layer is covered with polyphosphoric
acid (for physical protection) and passivation of oxidized carbon active center. For
example, even though the concentration of phosphorus is as low as 0.1%, the
graphite carbon’s oxidation by free oxygen is hard to find. Furthermore, hydrophilic
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groups within phosphoric acids and structural units with P=0 bonds may bond
with reaction site on the material surface with tendency of being oxidized [3]. For
example, the structural units with P=0 bonds can bond with reaction site of graph-
ite carbon, which are sensitive to oxidation [3]. Recent studies indicate that phos-
phorus flame retardants can reduce the permeability of the carbon layer to improve
its barrier function. It is still unknown that whether it is caused by surface coating
or by the change of the carbon layer structure [20]. It also proposes that phosphoric
acids on the surface of the material can hinder volatilization of the combustible
from hydrocarbon polymers which utilizing ammonium polyphosphate (APP) as
flame retardant [21].

3.1.3 The modes of suppressing free radicals in condensed phase

It has been shown that some of the nonvolatile phosphorus flame retardants in con-
densed phase can suppress free radicals, which act as anti-oxidation agents [22].
Electron spin resonance spectroscopy also points out that phosphate flame retard-
ants with aromatic group can scavenge the peroxy radical and alkyl radical on the
surface of polymers, but its mechanism is unknown.

3.1.4 The modes based on the fillers’ surface effect in condensed-phase modes

There are two types of surface effects in flame-retardant system: first, phosphorus
compounds (such as alkyl radicals’ acidic phosphoric acid esters) which can per-
form as a kind of surfactant. It can improve the dispersion of solid flame retardants
(such as alumina trihydrate), resulting better flame-retardant efficiency; second,
the surfactant can promote and increase char yield.

For example, some alkoxy titanate coupling agents and alkoxy zirconium-
coupling agents, containing alkyl acid pyrophosphate anion, can improve the flame
retardation of polypropylene with inorganic fillers. However, different fillers have
different suitable surfactant concentrations [3, 4].

3.2 Flame-retardant modes in gas phase

3.2.1 Chemical effect modes

Volatile phosphorus compounds are effective flame retardants to suppress flames.
For example, triphenyl phosphate and triphenyl phosphine oxide can dissociate

into smaller molecules or free radicals, which can reduce the concentration of
hydrogen free radicals in flame zone to extinguish the flame (see reaction (3.5)) [2].
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R3PO — PO~+P~+P2
H-+PO-+M — HPO+M

HO.- +PO- — HPO+-.-0-
(3.5)
HPO+H- — H,+PO.

P,+-0.- — P-+PO-
P.+OH- — PO-+H

The flame retardation mechanism of phosphorus flame-retardant systems in gas
phase (eq. (3.5)) is proposed according to the flame-retardant properties of triphenyl
phosphate and triphenylphosphine oxide. The main features of these reactions are
promoting the binding of H- and capturing O-of the phosphorous molecules to reduce
the concentration of free radicals that support flame propagation.

The small phosphide molecules mentioned above can inhibit the steps of speed
control of flame propagation, namely, chain branching steps. It is similar to flame
retardation mechanism of halogen flame retardants in gas phase. Volatile phospho-
rus flame retardants, such as trialkyl phosphate and trialkylphosphine oxide, also
have such function to reduce concentration of free radical in flame zone. Some ex-
perimental studies have provided the evidences of chemical flame-retardant effects
of phosphine oxide in gas phase [3, 4].

3.2.2 The physical effect mode

The flame retardancy can also be achieved by physical effect mode in gas phase,
for example, based on some factors of specific heat, vaporization heat, endother-
mic dissociation in gas phase, etc. The modes the flame retardancy in gas phase
are all physical effect modes. For phosphorus flame retardants, they can at least
make contributions in terms of vaporization heat and specific heat in gas phase
[4]. The relation curve between the amount of flame retardants used and LOI,
and NOI containing rigid polyurethane foam plastics with trimethyl phosphine
oxide are vastly different [23]. For modified PA, when phosphine oxide is used as
reactive flame retardant, its fire retardation is carried on by flame-retardant
mechanism in gas phase, although it can slightly improve the char yield of the
materials.

For flame retardants acting on wool fabrics and wool polyester fabrics, the
flame retardancy of volatile phosphonium salt is better than that of reactive phos-
phine oxide with low volatility, which indicates that flame retardants in gas phase
produces better result in these situations [24]. The relative efficiency of flame re-
tardants in both gas and condensed phase is related to polymer matrix, as well as
relative tendency of carbon and volatile combustible products formed.
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For the blend of polyphenylene oxide(PPO) and high impact polystyrene(HIPS),
the main effect of triaryl phosphate seems to be performed in gaseous phase. In this
blend, PPO forms a protective carbon layer with some phosphates reserve in the
carbon layer. Besides, the triaryl phosphate also has an obvious function to sup-
press the combustion of combustible products that are produced by thermal crack-
ing of PS in gas phase [25].

Some diphosphine phosphates and oligomer phosphates act on polycarbonate/
acrylonitrile butadiene styrene (PC/ABS) and HIPS, and the flame-retardant UL94
level of PC/ABS and HIPS is associated with volatility of phosphorus flame retar-
dant. The higher the volatility of phosphorus compounds, the higher the level of
UL94 of flame-retardant materials can be achieved. This shows that flame retard-
ancy is mainly related to the gas phase [26].

If we dissolve in PCL; and then react it with molecular oxygen, which can phos-
phorylate Thus, PE with excellent flame retardancy can be obtained. If the degree
of phosphorylation of PE is higher than 10% (molar fraction), the crystalline of PE
goes down and the properties of physics and machinery get worse. In this case, the
flame-retardant properties of PE are partly derived from flame retardancy in gas
phase [2].

3.3 Polymer structure parameters affecting the efficiency
of phosphorus flame retardants

Besides bond strength and intermolecular forces, some factors (such as rigidity, reso-
nance stability, aromatic, crystallinity and orientation of bond) also play an impor-
tant role in polymer thermal cracking and combustion. According to the parameters
which are related to the combustion process, such as the amount of production of
combustible gases and carbon, the universal dynamics model of dissociations of
polymer can be achieved [27].

The degree of polymerization (DP) is quite related to the thermal cracking rate
of polymers and the amount of carbonization. For example, thermal cracking rate
of pure fiber in vacuum is inversely proportional to the square root of DP, while its
degree of cross-linking is proportional to the amount of carbonization. LOI in-
creases as the amount of carbonization increases (see Van Krevelen equation [28]),
except some polymer blends.

Furthermore, the cross-linking can increase the dynamic viscosity of polymer in
combustion, thus reducing the speed of combustible gaseous products generated
by thermal cracking of polymer flow into the flame.

Thermal cracking of polymer blends and flame retardancy depend on the
components type of the blend. For example, cotton fiber has a differential
scanning calorimetry (DSC) exothermic peak at 350 °C, which is caused by the
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decomposition of levoglucosan monomers formed. However, when a small
amount of cotton wool is added into cotton fiber, the exothermic peak disap-
pears at once. This is because the glucan is formed by crystalline fibers, while
amino-derivative produced by thermal cracking of wool (225°C) can swell crys-
tallization [3].

In addition, after adding 18% of wool into cotton fiber, its activation en-
ergy of thermal cracking decreases from 220 (cotton) to 103 kJ/mol (blend fi-
bers). But the addition of wool to cotton fibers can increase the amount of
carbonization (higher than expected). This is due to the abovementioned swell-
ing, which increases low-order area of cotton fibers. The increased amount of
carbonization does not mean the improvement of flame retardancy in that
case. In fact, the flame retardancy of cotton/wool blend fibers is lower than
that of cotton [29], because under the same conditions, combustible gaseous
products increase. Cotton/Polyester blend fibers also have similar phenomenon
[30].

Some physical factors, such as increasing specific heat and evaporation heat,
absorption of heat and dissociation in gas phase, can make contribution to the per-
formance of phosphorus flame retardants. Especially for some additive easy-volatile
phosphorus flame retardants, it is more important for the above factors (especially
in gas phase) to play a role (e.g., the tris-phosphates (dichloropropyl) used in poly-
urethane flexible foam).

3.4 Phosphorus flame retardants and their interaction
with others

3.4.1 Phosphorus—nitrogen synergy Effect

Some nitrogen chemicals can enhance the function of flame retardancy of phospho-
rus compounds to celluloses; one such reason is that the phosphorus compounds
react with nitrogen to form PN bond intermediates. In-situ formed PN bonds can
improve the reactivity of cellulose carboxyl and phosphorylation and further im-
prove char yield. Thus, some of the phosphorus—ammonia compounds are taken as
phosphorylation agent better than phosphorus compounds [2]. The other reason is
that nitrogen can delay volatilization loss of phosphorus compounds in condensed
phase. Furthermore, nitrogen in phosphorus—nitrogen system can enhance the oxi-
dation of phosphorus compounds and can release inert gases including ammonia.
But the flame retardancy of ammonia is related to both aspects of chemistry and
physics.

Many studies focus on phosphorus—nitrogen synergy effects [2, 31-33]. It is be-
lieved that this collaboration is not a common phenomenon, but it is related to the
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type of nitrogen compounds and the polymers. For example, the flame retardancy
of phosphamidon in PA is worse than that of phosphorus of the same quantity. If
phosphates with nitrogen and the mixture of cyclic phosphonates as flame retar-
dant in ethylene-vinyl acetate copolymer(EVA) are used, and the ratio of two com-
ponents in the mixture is suitable, the carbonization rate of EVA increases. The
formation of P-NH bonds in carbon is helpful for carbonization and more phos-
phori remains in carbonization layer.

Phosphorus (tributyl phosphate [TBP]) and nitrogen flame retardants (guani-
dine carbonate, GC) act on cotton fibers as an example to illustrate the possible
flame-retardation mechanism of P/N system [31].

When cotton fibers in P/N flame-retardant system combust, their surfaces
can form carbon layers, which is a complex compound composed of P, N and O,
among which the P/N/O high polymers bear heat resistance of a high level.
When the single phosphate (e.g., TBP) is used as flame retardant in cotton fibers,
TBP will be decomposed at high temperature forming acidic phosphate and al-
kene by cis-form and elimination actions [34] which is similar to carboxylic
ester. The phosphate can be further turned into polyphosphoric acid. Besides, in
the process of thermal decomposition, TBP can be volatilized into combustible
products (see reaction 3.6) [31]. Alkene formed in the process of thermal decom-
position of TBP is a kind of combustible product. But the formed acidic phos-
phate can phosphorylate the cotton fiber, catalyze the dehydration and form the
polyphosphoric acids. This is the flame retardation mechanism of phosphate act-
ing on cotton fiber.

However, the phosphate is not effective in terms of forming the polyphos-
phoric acids to coat the cotton fiber to reduce its flame retardancy. However, the
situation is different when phosphates and nitrogen flame retardants are used
together because these two compounds can have synergistic effect with each
other. The nitrogen flame retardant is decomposed into NH; that can catalyze
the thermal decomposition of phosphates (such as TBP) to form acidic phos-
phates (see eq. 3.7) [31]. It can phosphorylate the cotton fiber and can form poly-
phosphoric acids. Equation (3.8) [31] shows the reaction pathways of the product
of P/N/O polymer (as a product to protect carbon layers) in the P/N system at a
high temperature. First, the organic acids and alkalis form organic salts. Then,
the P/N system generates phosphamide and water. This is an endothermic reac-
tion and the generated water can also help flame retardancy; thus, this step can
provide high flame-retardant efficiency. The other two reactions are phosphates
and acid phosphates, respectively, which react with NH; to form phosphora-
mide. Phosphoramide formed in the above three steps can be converted into
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P/N/O polymer, which could be polyphosphamide or polyphosphazene. They
can cover cotton fibers to achieve flame retardancy.

It is known that several kinds of nitrogenous compounds (such as urea, GC,
melamine, etc.) can be used in cotton fibers to have synergistic flame retardation
effect with phosphates (such as TBP, triallyl phosphate, etc.). The phosphoryla-
tion of cotton fiber and its dehydration to form a P/NO polymer protection layer
are important to flame retardation performance, which is verified by Attenuated
total reflectance-Fourier transform infrared spectrometry (ATR-FTIR) and X-ray
photoelectron spectroscopy (XPS).

(0] _---H
; O-=4" 7~
Thermal Y {
R—0-— 1|:|) — O/\/\ decomposition OH'P Py
/ /707
r—° (|)
E R
g Cis-form and
it elimination reations
Combustible OH (3.6)
R—O0-_ S
R—0" (0)
Acidic phosphate Butylene
Poly phosphoric acid

Thermal decomposition mechanism of phosphate, urea, GC, and melamine formal-
dehyde resin is shown.
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The mechanism of the production of the acid phosphate by P/N system:

OH 6.@ NH,
R—0._ R .o\|NH4 R—0._ o
P—0 +NH; > p=0— - P=O0+H,0
¥ 3 Endothermic O/ R—O
R—0 reaction
R ) NH
NH, | |
R—O0 R—O| ~ _ o BB b (3.8)
_P—O0+NH; — e H | R
R—07 R—0 - OH' OH
/// Poly phosphorus
R OH R—OXI\|IH2 P e amide polyphosphate
SP—0+NH, — “P—0
RO R—O

Production mechanism of P/N/O polymer [31].

Synergism effect of P/N flame-retardant system in polyacrylonitrile

The copolymer formed by copolymerization of the flame-retardant aluminum
diethyl phosphonate (ADEP) containing P and N and acrylonitrile monomer (AN)
according to reaction (3.9). It shows a higher LOI (see Table 3.1) and char yield [31]
due to the synergistic effect of these two flame-retardant elements.

[0} 0]
EtO H EtO
\_~_OH
CP—Cl+ N7 - 5 P SO
EtO’ EtO”
CH, cH,
£, 0 EtO\Q (39)
P OH i - ’P N 0.~
FtO~ Cl'> 0 EtO .
CH3 3
(ADEP)

Table 3.1: LOIl in the copolymer of AN and ADEP [33].

The molar ratios of ADEP P contents in the LOI (%)

and AN in copolymers copolymers (%)

1.0:0.0 0.00 19.7
0.99:0.01 0.54 21.1
0.974:0.026 1.40 22.8
0.97:0.03 1.62 24.7
0.96:0.04 2.18 25.0
0.95:0.05 2.70 26.4

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

3.4 Phosphorus flame retardants and their interaction with others — 81

Table 3.1 shows that the phosphorus content of the copolymer, which copolymer-
ized by 0.05 mol ADPE and 0.95 mol AN copolymer, is only 2.7% and the LOI value
can be up to 26.4%. The LOI value is 6.7% higher than a single PAN (19.7%) and
every 1% of P content can increase LOI by about 2.5%. Phosphorus contents in the
copolymer are almost linear relationship with the LOI value. Furthermore, the co-
polymer with phosphorus content is just about 0.54%, and when its temperature
rises up to 700 °C, its char yield in N, can increase by at least 15% higher than that
in the single PAN and by at least 6% in the air. All these are related to the PN syner-
gistic flame retardancy in the copolymer, because at that situation, it is easier to
form P/N/O polymer carbon layer flame retardancy in condensed phase with higher
thermal stability. For AN/ADPE copolymer, the phosphate groups can be dissoci-
ated into acidic phosphoric acid groups according to reaction (3.10), and the latter
can lead to cyclization of PAN (see reaction (3.11)) [33, 35].

"ra)/f\j_:_\_;_____-- L{,?J/‘\ _-_.?;______.
\\ -~ -
5 - H OEt - N - + (3.10)
0 Il‘I_CHs H2C¢Cy0 o1 3
. S
B0~ R 2 HO~ 1\
OEt OEt
o .
14/ LN
Son| & "“P N
0l 17
NH N N
.-"\// (3.11)
.-'\/ﬂ

/“\.N//“\*N/ \N/"“QN \(N:(

In addition, AN/ADPE copolymer has flame-retardant effect in gas phase when cap-
turing free radicals of PO, PO,, P,0,, etc.

3.4.2 The phosphorus—halogen synergism
Similar to the PN synergistic system, the synergistic mechanism of P-X system has

been studied [36, 37]. Organic phosphorus compounds containing X can form phos-
phorus halides and halogen oxides when heated and X may also enhance flame
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retardancy of phosphorus in gas phase, but credible evidences have not been ob-
tained yet. There is another possibility; even though a flame-retardant molecule
contains both halogen and phosphorus or a flame-retardant system contains both
halides and phosphides, the phosphorus and halogen will play their roles of flame-
retardant effects, respectively.

No final conclusion until now has been obtained about the phosphorus—halo-
gen synergistic effect. Researchers propose that halogen—phosphorus synergism is
similar to halogen—antimony synergism, but for the view of the formation of phos-
phorus halide and phosphorus oxide halide, it is impossible from the perspective of
bond energy. It is not beneficial to use the phosphate and halogenated hydrocarbon
to form phosphorus halide and phosphorus oxide halide in the aspect of bond en-
ergy. No evidence shows that flame-retardant materials containing phosphorus can
form PCI; and POCI; in the process of combustion [4]. However, when flame retard-
ants contain phosphorus and halogen, they may improve synergistic effects [38].
For example, when the compound of ammonium polyphosphate and hexabromocy-
clododecane acts on PAN, it has bromine-phosphorus synergistic effect, whose
synergistic efficiency is 1.55. LOI and NOI results prove that in the system, bromine
derivatives do not function as radical scavengers in gas phase but as a char-foam-
ing agent [10]. Furthermore, in the flexible polyether polyurethane-foamed plastics
containing bromine and phosphorus, bromine is also found to improve the char
yield [39]. When bromine and phosphorus atoms are contained in a same molecule,
bromine-phosphorus synergism becomes more obvious. For example, when a
phosphate-containing bromine, whose bromine atom and phosphorus atom ratio
(the ratio of the amount of substance) is 7:3, acts on PC-PET, its synergistic effi-
ciency rises up to 1.58. While a phosphate-containing bromine, whose bromine
atom and phosphorus atom ratio (the ratio of the amount of substance) is 6:1, acts
on PC and its alloy, the obvious synergistic effect can also be observed. In addition,
a bromine—-phosphorus system that acts on PC-PET can form a lot of carbon foams
in the process of thermal cracking or combustion. It shows that the bromine in the
flame-retardant ingredients is at least partly used as the foaming agent in the intu-
mescence process. That is to say, bromine—phosphorus flame-retardant ingredients
not only have the function to capture radicals in gas phase but also have the ability
of intumescence of carbonization [4].

For some oxygenated high polymers (such as PA6 and PET), halogen—phospho-
rus synergistic effect is notable. For example, when bromine-phosphorus system
acts on PET, the amount of flame retardants will be significantly reduced than using
regular bromine—antimony system [3]. When the flame retardant acts on PBT, PS,
HIPS and ABS, they all have bromine—-phosphorus synergisms. For example, dialkyl
group-4-hydroxyl radical-3,5-dibromo benzyl phosphate acts on ABS, compared with
the bromide or phosphide retardant with similar structure. Bromo-phosphorus retar-
dant derivatives have better flame-retardant properties, which are obviously attrib-
uted to bromine—phosphorus synergies [41]. Furthermore, when the tribromophenyl
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methacrylic acid ester and triphenyl phosphate act on polyurethane, and the Br/P
(molar ratio) in flame retardant is 2.0, the best synergistic effect can be achieved [42].
Bromo-phosphorus synergy cannot be regarded as a general rule. Current situation is
more likely to be halogen—phosphorus addition, or even phosphorus-halogen antag-
onism according to the observations that have been done.

When the flame retardants containing halogens and phosphori and antimony
oxide are used together, there is no synergism or adduct effect among halogen,
phosphorus, halogen and antimony, but antagonism may be possible. For example,
when flame retardants containing halogens and phosphori act on polyethylene,
adding antimonous oxide cannot improve flame-retardant efficiency. Experiments
have found that in this case, during the combustion of polyethylene, antimony is
not gasified. This shows that since the gasification of antimony is hindered by phos-
phorus, it suppressed halogen—antimony synergism, which result in deterioration
of the flame retardancy efficiency. It was suggested that antimony oxide is con-
verted to antimony phosphate which is nonvolatile.

The interactions of the halogen and the phosphorus in flame-retardant system
depend not only on the types of polymers but also the structures of phosphorus and
halogen flame retardants.

3.4.3 Interactions between phosphorus flame-retardant system
with the inorganic fillers

The flame propagation speed of unsaturated polyesters with alumina trihydrate
and methyl dimethyl phosphonate shows that there are synergistic effects between
them [43]. The addition of titanium dioxide into APP and resin-containing nitrogen
(a intumescent flame retardant) can not only increase the char yield but also form
denser and more continuous carbon layer, thus significantly improving the flame
retardancy of PP. In contrast, tin dioxide can result in multihole and pieces on car-
bon layer, thus reducing char yield. The titanium dioxide synergistic effect is con-
sidered to be a contribution for physical “bridging” effect [44].

If aluminum hydroxide is added into the materials that contain phosphorus
compounds, the aluminum phosphate will be formed. It can improve the quality of
carbon layers and extend the residual time of volatile-dissociated products in car-
bon layers, thus improving the flame retardancy of the material.

3.4.4 Interactions among phosphorus flame retardants
Using two or more phosphorus flame retardants in the same system sometimes can

also improve the flame-retardancy effect. For example, phosphonium bromide
(PH,Br or R,PBr) or phosphine oxide and ammonium polyphosphate used together
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as flame retardant in polypropylene or polystyrene sometimes can achieve “phos-
phorus—phosphorus” synergism. It is inferred that this effect is probably caused by
the coexistence of two or more effective phosphorus flame retardants both in gas
and condensed phase [45].

3.5 Flame retardant mechanism of aromatic phosphate
acting on PC/ABS

References [46] and [47] reviewed this topic. Some new types of phosphorus flame-
retardant systems are upstarts in the field of flame retardancy. The understanding
on mechanism of flame retardancy acting on polymers is insufficient, some of
which are still in dispute. Some are not confirmed by sufficient and convincing evi-
dences but further researches are afoot [46, 47]. The following part summarizes the
mechanism of organic phosphorus flame retardants acting on PC/ABS. However, to
explain the mechanism of flame retardancy, the mechanism of thermal decomposi-
tion of PC initially will be discussed.

3.5.1 Thermal decomposition mechanism of PC

Bisphenol type-A PC (hereinafter refers to PC of this kind), with high degrees of
thermostability, will not decompose below 250 °C and its decomposition tempera-
ture in air is over 310 °C.

Carbonic acid ester groups rearranged into carboxyls and their secondary
reactions

When heated PC in a sealed tube, most carbonic acid ester groups have been de-
stroyed in the early phase of thermal decomposition of PC. One of the outcomes of
thermal decomposition is that carbonic acid ester groups can be rearranged into a
side-chain carboxyl, which is adjacent to the main-chain ether bond of PC to form
2-phenoxy benzoic acid structure. The side-chain carboxyl could be further decom-
posed into carbon dioxide and water, simultaneously turn itself into secondary
products (such as xanthone cyclic structure or anthraquinone compounds) (see eq.
(3.12)) [47]. However, the linear structure of PC is still intact.

Although the formation of xanthone cyclic structure is not the main process of
PC’s thermal decomposition, the water and the hydroxy compounds produced by re-
action (3.12) and the subsequent reaction (3.13) are important for PC’s further thermal
decomposition. Dissociation of mass spectra provides the evidence of rearrangement
of carbonic acid ester groups into carboxyls. Some mass spectra can be classified into
the category of xanthone cyclic structure or anthraquinone compounds.
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2-Phenoxybenzoic acid’s intermediate structure for med by reaction (3.12) can also
attack PC and cross-link with it and produce hydroxy compounds in the further de-
compositions (see reaction (3.13)) [47].

CH; (3.13)

Both reactions (3.12) and (3.13) produce volatile products. The branching of PC will
be generated by reactions (3.12) and (3.13) regardless of the fact that whether vola-
tile products are excluded from the system or not. If the hydroxyl-containing com-
pounds (such as water and phenol) are excluded from the system, the breaking of
bonds will be suppressed, whereas the above PC’s branching will only result in a
gel reaction. However, if the volatile products like hydroxyls are kept within the
system, the PC’s bond breaking will be the main reaction and the gels will not
occur. Dynamics research proved that PC’s bond breaking in closed system does
not comply with random free radical mode.

Effects of hydroxy compounds and PC

The water released during reaction (3.12) and steams in PC promote PC’s bond
breaking when PC is heated strongly. It will result in the formation of phenolic com-
pounds and carbon dioxide (see reaction (3.14)) [47]. Researchers suggest that reac-
tion (3.14) is one of the main reasons for PC’s bond breaking.
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0
m{@—o—(l:—o—/@w sl O)—0H + €O, + HO—~Op (3.14)

PC’s thermal decomposition generates free phenols, bisphenol A (BPA) and
small fragments, where phenol bonds’ end group is counterproductive to the sta-
bility of carbonate ester chains because they initiate the carbonate ester bond’s
transfer reaction, breaking polymer’s chains into small fragments (see reaction
(3.15)) [48].

(6] 0
AD—0—t—0— O+ O—0t— ~—0—t—0—O) + Ho{O)~  (315)

The reactive activation energy of PC bond’s break reaction is only 112 kJ/mol, which
demonstrates that the molecular mechanism dominates its bond breaking. Reac-
tions 3.14 and 3.15 contribute most to such mechanisms.

Fries rearrangement

Another rearrangement that PC chain may have is Fries rearrangement (see reac-
tion (3.16)) [50, 51]. Many researchers have found that there exist phenolic hy-
droxyl group and aromatic ester group in the decomposed products of PC,
showing the occurrence of the rearrangement, whereas the most convincing proof
is the dissociation mass spectrum of volatile fragments formed from the PC ther-
mal cracking.

CH;, 0 CH;
~c—O

CH,

| 7 ’WC’f I /= 6
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The break of isopropylidene bonds
A small amount of methane was released at the beginning of PC thermal decompo-
sition. With the increasing temperature, the amount of methane released increased.
The methane was formed by free radicals from the break of isopropylidene bonds
(see reactions (3.17) and (3.18)) [52].

CH,
e WA OOy + e (317)
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The thermal oxidation of the PC

There is no clear conclusion on the initial assessment that oxygen attacks PC when
it was under thermal decomposition in air, but it may be isopropylidene bonds.
After the hydrogen is extracted from methyl, it will form unstable radical (I) which
will immediately rearrange into a stable radical (II). Then, the oxygen attacks radi-
cal (II) quickly and form peroxide. When the temperature is over 300 °C, this perox-
ide will be decomposed into one active hydroxyl radical and one alkoxyl radical
through homolysis. By extracting hydrogen, the hydroxyl radical will form water
molecules, whereas the alkoxyl radical will form compounds containing hydroxyls
[47]. The formation of water and compound with hydroxyls leads to further degra-
dation of PC (see reactions (3.14) and (3.15)).
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) P\ sy /)

Al O— O~ =< O)—C—CH,—~O)~
CH,4 CH;

I 1T

Researchers proposed another oxidation mechanism of PC thermal decomposition, in
which methylene radicals were formed at first and then rearranged to relatively stable
benzylated radicals. Furthermore, phenol end groups and the oxidative coupling of
PC chain may cause the biphenyl cross-linking (see reaction (3.19)), thus forming an
insoluble gel fragments, which also have been confirmed by experiments [53].
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Other thermal decomposition modes

Mass spectroscopic researches of PC and model compounds under mild ionization
conditions suggested that the main products of PC’s fragmentation are cyclic
oligomers. It was suggested that the ionic ester exchange is the predominant pro-
cess in PC thermal decomposition. The products of methylene formed and the car-
bon dioxide released in this process form a series of secondary decomposition
products. But some researchers disagree with the ion mechanism above [54, 55],
and they carried out the experiments under vacuum and showed the outcomes ac-
cording to the product released from PC’s thermal decomposition. The mechanism
may be PC bond homolysis rather than hydrolysis or interesterification. But con-
vincing proofs about the ions or radicals mechanisms have not been found yet.

Primary products from thermal decomposition of PC

The most primary products from PC’s thermal decomposition are carbon dioxide,
BPA, and water. Other products with relatively larger amount include carbon monox-
ide, methane, phenol, diphenyl carbonate, and 2-(4-hydroxyphenyl)-2-phenyl pro-
pane. Besides, it also forms ethyl phenol, isopropenylphenol, and cresol with small
amount, which are formed in further decomposition process of BPA. Homolysis of PC
chain or 1, 3-migration of carbonic acid ester group can also form carbon dioxide.
Combustible gases released in the process of PC thermal decomposition are carbon
monoxide and methane, which may be the most important factor for ignition of PC.
However as their concentrations are too low, it is very difficult to ignite PC.

All the mechanisms of PC’s thermal decomposition and thermal oxidative de-
composition discussed above are supported by the volatile products of PC decompo-
sition. Although PC is the kind of polymer with high carbonization capability, there
is little research on its solid residue carbon. Only several researchers point out that
when the temperature is higher than 440 °C, the carbon formed in the process of PC
thermal decomposition has highly cross-linked structures, which contain diaryl
ester and unsaturated carbon-bridged bond [56].

3.5.2 The mechanism of flame retardants acting on PC/ABS

Flame retardancy in condensed phase

It is generally agreed that the mechanism of aromatic phosphates acting on PC/ABS
mainly related to the function of phosphates that promote the PC in PC/ABS into
carbon, namely, the mechanism of flame retardancy in condensed phase [57]. The
flame-retardant efficiency is closely related to the proportion of PC and ABS. It has
also been found that phosphori gather in condensed phase when the PC/ABS with
phosphates retardant is in thermal decomposition and combustion. Results from
TGA also show that resorcinol bis(diphenyl phosphate), RDP can protect carbon
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layer from oxidation under high temperature. Its synergist effects in condensed
phase help PC/ABS to improve carbon yield [58]. In addition, Fries rearrangement
may occur in PC thermal decomposition (see reaction (3.16)), and aromatic phos-
phates can catalyze the rearrangement. What’s more, RDP may react with the prod-
ucts in the rearrangement of PC by transesterification (see reaction (3.20)), leading
to the enrichment of the phosphorus and cross-linking of PC. All of the above
should be attributed to the flame retardancy in condensed phase.

0
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(!) 3{,_:-':\ oH = | - c|H3 J (@) -
~0—=O)— + {O)r—0—p—0—( O on
R lPie = | O S O (3.20)
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Flame retardancy in gas phase
It has been proved by the experiment that in flame-retardant system, phosphates
acting on LOI in PC/ABS and PC in PC/ABS are related with the ratio of ABS, and
their rules of variation are rather complex. Besides, aromatic phosphates in PC/ABS
will increase the carbon monoxide proportion in combustion products, revealing
that the flame retardancy in gas phase does play a role in flame-retardant process.
However, their flame-retardant properties in gas phase are still a controversial
issue. For example, it has been reported that the flame-retardant efficiency of aro-
matic phosphates decreases with the increase of molecular weight (oligomeriza-
tion), indicating that there may be no phosphate in gaseous phase. However, it has
also been certified that the flame-retardant efficiency of aromatic phosphates will
be improved with the increase of their relative molecular weight.

In general, the reaction can happen both in condensed and gas phase for PC/
ABS with phosphates as flame retardants, and their proportion is related to the
structure and property of phosphates.

Interaction of phosphates (synergism and antagonism)
When triphenyl phosphate (TPP), RDP and bisphenol A-bis (diphenyl phosphate)BDP
with the same phosphorus content acting on the PC/ABS, they show similar flame
retardancy in accordance to LOI test even with different PC-to-ABS ratios. However,
flame retardancy of RDP and BDP is better than that of TPP measured according to
UL94 flame-retardant level. Moreover, aromatic phosphates can effectively increase
time to ignition (TTI) and moderately decrease peak heat release rate(PHRR) after the
above three flame retardants are tested by cone calorimeter [60]. Overall, the perfor-
mance of RDP is better than TPP with volatility when utilized in PC/ABS.

An experiment has been conducted by cone calorimeter to get the heat release
data of RDP and RDP/TPP (3%) acting on PC/ABS with the heat flux of 35 kW/m?
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and 75 kW/m?, respectively. The test indicates that PHRR of PC/ABS mixed with
RDP/TPP is less than that of the material with one-single RDP when the heat flux is
35 kW/m?. It is maybe the contribution of TPP flame retardancy in gas phase; when
the heat flux is 75 kW/m?, the situation is totally opposite, that is, the PHRR of the
material with RDP is relatively low. Obviously, TPP’s flame retardancy in gas phase
is no longer important at this moment. Furthermore, TPP may have a negative influ-
ence in decreasing PHRR at high temperatures [61]. One possible explanation for
this phenomenon is that the flame-retardant properties of some flame retardants in
gas phase are reversible. Compounds with phosphorus can generally suppress the
flame propagation [62], but they may become combusted catalysts in flames at high
temperature. It is clear that TPP’s flame retardancy in gas phase has such reversibil-
ity that it becomes invalid at high temperature. The above mechanism can also ex-
plain the synergistic effects between RDP and BDP with relatively low volatility and
TPP with relatively high volatility. RDP or BDP improves flame retardancy in con-
densed phase that helps carbonization of PC and decreases the fuel supply for com-
bustion, thus lowering the temperature of flame; with the decrease of the flame
temperature, the effect of TPP’s flame retardancy can be effectively improved. Fi-
nally, the flame retardancy of synergistic effect between them can be achieved.

In addition, we can see from the synergisms between RDP and other synergists
that the flame retardation mechanism in gas phase does no have synergistic effects
on RDP and even sometimes shows antagonistic effects. But some additives have
flame retardancy in condensed phase which carbonize PC/ABS and improve the
structures of carbon layers, performed by synergism effect [58].

In conclusion, phosphori can gather in condensed phase and prevent the car-
bon layer from oxidation at high temperatures, which are the main flame-retardant
functions of aromatic phosphates. Furthermore, aromatic phosphate can catalyze
Fries rearrangement and the isomerization of PC, which contributes to the forming
of carbon layers and the blocking of volatilization of polymers.
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4 Flame retardation mechanism of intumescent
flame retardant

The performance of intumescent flame retardant (IFR) mainly comes into play through
condensed phase, which means flame-retardant effect can be achieved through delay-
ing or suspending combustion on the basis of carbon mechanism. The following con-
ditions belong to flame retarding in condensed phase: (1) Flame-retardant chemical
delays or suspends the thermal decomposition in condensed phase by reducing or pre-
venting the supply of combustible. (2) Porous carbon layer is generated on the surface
of flame-retardant materials during burning, which can insulate heat, isolate oxygen
and prevent combustible gas in gaseous phase. This is just the flame retardation mech-
anism of IFR. (3) A large amount of the inorganic filler in flame-retardant material can
dilute combustible material and have massive heat capacity to store and conduct heat.
Therefore, the material can hardly reach the thermal decomposition temperature. (4)
Fire retardant will decompose and absorb heat when heated, which can prevent the
material from continued temperature rise. Aluminum hydroxide and magnesium
hydroxide, which are widely used in industry, belong to this type of fire retardant.

IFR system is a typical fire retardant, based on flame retardation mechanism of
condensed phase. This flame-retardant chemical can stop the combustion at an
early stage, because IFR system will form a very thick carbon layer on the surface of
material at high temperature, which has high flame retardancy. For example, poly-
vinyl alcohol and epoxy resin would almost completely decompose in fire of 500 °C
(amount to the surface temperature of the flaming polymer); but when phosphori
flame-retardant chemical is added into the polymer, which is a kind of IFR, the
flammability of the polymer will decrease with a newly formed carbon layer and the
oxygen index of epoxy resin will rise to 30% [1].

In recent years, IFR is the main focus in flame-retardant industry and is recog-
nized as one of the most important approaches to identify halogen-free flame retar-
dant. According to chemical abstract (CA) statistics, in 2007, more than 160 literature
and 100 patents were published [2]. Although the flame-retardant mechanism of IFR,
especially carbon mechanism, has been studied by many research scholars, it is not
fully understood until now. Some relatively clear literature reviews can be found in
Refs. [1-7].

4.1 Composition of IFR

4.1.1 The three-component of IFR

The three essential elements for inflation are as follows: (1) inorganic acid or com-
pound (acid source) that can generate acid when heated to 100-250 °C, such as

https://doi.org/10.1515/9783110349351-004
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ammonium polyphosphate (APP); (2) polyhydroxy compound with rich carbon

atoms which can dehydrate to carbon source by the effect of acid, such as pentaery-

thritol (pentaerythritol ester rosin [PER]); (3) amine and amide compounds are used
as the gas source which can release volatile products under heat, such as melamine

(MA). Besides, water vapor will also produce sparkling effect. Furthermore, amines

and amides may also act as a catalyst for carbon generation [1, 2].

Three source materials of IFR are listed as follows [5]:

(1) Acid source: Phosphoric acid, vitriol, boric acid, ammonium phosphate, APP,
ammonium sulfate, ammonium halide, urea phosphate, guanidine phosphate,
MA polyphosphate and reaction product of nitrogen and P,0s.

(2) Carbon source: Triphosphate (Tolyl), alkyl phosphates, alkyl halide phosphate,
starch, dextrin, mannitol, pentaerythritol (including dimers and trimers), pheno-
lic resin(PF), PA6, PA6/nanoclay, thermoplastic urethane (TPU) and polyphenyl
ether(PPO).

(3) Gas source: Urea, urea—formaldehyde resins, dicyandiamide, MA, and polyvinyl
alcohol amine halide.

It is to be noted that researchers usually intermix between “charring agent” and
“expansion flame-retardant system” due to lack of detailed information about
retardant mechanism. Presently, the porous expansion texture and its insulation
effect can only be expanded qualitatively as expansive char layer. Only by in-
depth study of expansion characteristics of the coal bed, we could interpret IFR
quantificationally.

4.1.2 The conditions that the three components of IFR should satisfy

(1) Thermal stability of the components of IFR must be sufficiently high so that
they do not decompose in the polymer-processing temperatures (above 200 °C).

(2) Thermal degradation of polymers should be harmless to the expansion process.
Generally, in the process of the thermal degradation of the polymer, a consider-
able amount of volatile products and carbon residue (connected with the structure
of high polymer) are generated. All of the above factors may affect the formation
of expansion carbon layer.

(3) IFR should form full-coverage protective carbon layer on the surface of
polymer [5].

(4) IFR should not cause the deterioration of physical and chemical properties of
polymers. In particular, it should not cause adverse interactions after reacting
with other additives (such as stabilizers) [5].

Before the dehydration of acid components of IFR, carbon components must not be
decomposed and volatilized. During the formation of porous carbon layer and its
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retrogradation and solidification, the gas source should release small bubbles
continually. The rate of release from the gas source and the viscosity of the
flame-retardant system must be well matched, and it will be influenced by the
temperature. Pores in the expansion foam carbon layer are mostly obturator.
The diameter of the pores ranges from 20 pm to 50 pm and the wall thickness
of the pores ranges from 6 pm to 8 pm. Added ultrafine powder of inert filler
with good dispersion (e.g., titanium oxide and silica gel) to the flame-retardant
system as nucleating agent could control the bubble volume in the foaming
process.

Only a minority of IFR components listed above has practical application and
most of them are defined by experiences. Available inorganic acid (acid source)
must have a high boiling point and oxidizing ability can not be too strong. As a
result, inorganic acid salt is the most common, such as ammonium salts and amide
salt of phosphoric acid or organic phosphate ester and organic phosphorus amide.
The available carbon source is pentaerythritol, polyurethane, and some epoxy
resin. The available gas sources are amine and acid amides, for example, urea, MA,
dicyandiamide, and their derivatives. Halide is utilized as the source of gas because
they can emit halogenide (HX) upon heating. Now, because of its negative second-
ary fire effects of chloride (smoke, corrosive and toxic), they have not been used
frequently. Because HX is considered as a gaseous phase flame retardant, the IFR
containing halide has flame-retardant capacity in both the condensed phase and
in the gaseous phase.

To meet the requirements of high flame retarding level, IFR is usually used in
a large quantity. At the same time, during the process of expansion of carbon
layer, the polymer is likely to cause adverse chemical reaction with components
of IFR. In addition, we find that the currently used IFR is unsatisfactory in the
matter of water solubility, weather resistance, thermal stability, covering ability
and appearance.

4.1.3 Typical IFR

Although the IFR has been widely used in flame-retardant polymers, polyethylene
(PE), polypropylene (PP) and polystyrene (PS) are most prevalent. Combustion of
these three polymers is difficult to stop because of their production of a large
amount of combustible hydrocarbons upon heating.

A mixture of dipentaerythritol and APP (or MA pyrophosphate) is typical IFR,
which is most often used in flame-retardant PP, but they are fairly unstable at the
processing temperature of PP. The reaction products of P,0s, pentaerythritol and
MA are more suitable IFR and they can be used for PP. The chemical structure of
this product is not quite clear. Add 1% of carbon black into the PP which contains
30% of this kind of IFR, then the flame retardancy of the PP can be reduced
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significantly. The flame-retardant efficiency of IFR in PE is far lower than that in
PP, perhaps because the thermal properties of IFR and thermal degradation temper-
ature of PE do not match.

IFR, based on APP, has already been applied in PA6 and its mechanism has been
studied. The mixtures of APP and nitrogen-containing compounds (e.g., the condensa-
tion products produced after urea being replaced by formaldehyde, reaction products
between aromatic diisocyanate and pentaerythritol or with MA) have been used as IFR
in polymer (particularly polyolefin and PS).

4.1.4 Monomer IFR

The so-called monomer IFR refers to the IFR which contains the ternary compound
in one molecular structure. They are better than mixed (two component or three
component) IFR. Because the multicomponent must interact effectively, it can pro-
duce expanded carbon layer. Experimental results show that IFR should match
flame-retardant properties of polymers (such as thermal performance and products
formed upon heating). In this way, when components with different chemical struc-
tures of IFR play a part in inflaming retarding, the optimum ratio of the components
for the different polymers and different amounts of IFR is usually dissimilar on this
issue. However, the monomer IFR is relatively simple. But it is necessary for the
three sources to match with each other in one molecule; otherwise, other ingre-
dients should be added [1].

Two well-known monomer IFRs are the following compounds (I) and com-
pounds (II) [5].

NH, NH,
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Compound I (3,9-dihydroxy-2,4,8,10-tetraoxa-3,9-diphosphaspiro [5] undecane-
3,9-di dioxide MA salt) contains three chemical components needed by IFR in
one molecule (acid source is phosphoric acid, carbon source is pentaerythritol
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and gas sources is MA). Therefore, it can perform as one type of IFR and can be
effectively used in PP and other PO. When it is used combined with three pen-
taerythritols and flame-retardant PP, it has higher flame-retardant efficiency.
This means that the carbon source and gas of (I) did not reach the optimum bal-
ance. In fact, the carbon content of (I) is not enough [12]. The carbon source of
compound (II) (bis(2,6,7-trioxa-I-phospha-bicyclo[2.2.2]octan-4-hydroxy-methyl)
MA phosphate mono salt) of pentaerythritol unit is richer than (I), so it is compa-
rable to the performance of PP flame-retardant mixture (I) and three pentaery-
thritols [12].

4.1.5 The proportion of three sources of IFR

To further illustrate the relationship between the proportion of three sources in
compounds (I) and (II) and their fire resistance, we mix APP, pentaerythritol and
MA and get mixed-type IFR to make flame-retardant PP, and when the dosage of
IFR is below 30%, the relationship between the flame-retardant PP and limit oxygen
index(LOI) has been illustrated (Figure 4.1) [5].

Figure 4.1: Composition of PP/APP/PFR/M and the relationship between PP/APP/PFR/M and LOI.

The total amount of IFR accounts for 10%, 20% or 30% of PP; the digit in the bracket
is the mass ratio of the above four components sequentially. The number on the
curves is LOL.
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Figure 4.1 shows that the composition of flame-retardant PP corresponding to
the maximum LOI is not depending on the fact that whether the total amount of
IFR is between 20% and 30%. When IFR is used as fire retardant to PP, it is most
likely that the actually used consumption is within this range. According to the
data in Table 4.1, we can predict that when the three sources of IFR are heating in
PP, it is likely to generate the structure of compound (I) or (I) [5]. According to
the experimental data [12], if the compound II (wherein the phosphorus atoms:
pentaerythritol structure:MA molecule, i.e., P:PER:M is 1:0:7:0.3) replaces
I (wherein the ratio is 1:0.5:1) as the IFR flame retardant, the LOI of PP will in-
crease. This is consistent with the data in Figure 4.1 as the maximum LOI value.
Because P:PER:M in the graph is 1:0.5:0.3, and the ratio of the compound II is
closer to 1:0.5:0.3 than that of compounds (I). It is clear that composition of IFR,
which is corresponding to the maximum LOI, is related to flame-retardant poly-
mers and chemical structure.

Table 4.1: Inorganic expansion glass system which may form.

System Composition and content (mol%)
Sulfate K,S0, 25
Na,SO0, 25
ZnS0O, 50
Phosphate/Sulfate P,05 36.6
ZnS0, 19.5
Na,0 18.3
Na,SO, 9.7
K>S0, 9.7
Zn0 6.2
Borate/Carbonate B,03 86.2
LiCO, 11.2
CaCo; 3.6

4.1.6 Inorganic IFR

The organic IFR has several disadvantages such as the generation of harmful sub-
stances during combustion. Particularly when the expansion occurs, it is exother-
mic, because this IFR has limited diathermancy and the carbon layer produced in
this process lacks integrity, which has relatively low thermal resistance. Table 4.1
shows that low-melting glass or glass-ceramic (melting point or softening point is
lower than 600 °C) can form the inorganic glass system. In this way, they are prom-
ising to be used as polymer IFR or smoke suppressant for polymer in the future.
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When system in Table 4.1 is used as the IFR, some substance can be decom-
posed into gaseous products upon heating; some components may be oxidized
to be gaseous products, which can be used as a source of foam. Otherwise, we
should add foam components. In addition, the gaseous products of thermal
decomposition of flame-retardant polymers may also act as foam components.
In polyvinyl chloride (PVC), a low-melting glass and glass-ceramic sulfate
can form an effective adiabatic expansion of carbon layer [15]. When ammo-
nium pentaborate is combined with conventional FR, it is also a good IFR for
TPU.

4.2 Thermal decomposition of IFR components
4.2.1 Thermal decomposition of APP

In modern industry, one of the main components of the IFR is APP. It decom-
poses in the flame-retardant system according to the following three steps: the
first step is thermal decomposition which releases ammonia and generates pol-
yphosphate; the amount of nitrogen in ammonia accounts for approximately
50% of total nitrogen of APP. The second step is that polyphosphoric acid
forms a cross-linked structure after dehydration at the temperature from 280 °C
to 420°C. The last step is the degradation of the cross-linked structure at the
temperature from 420 °C to 520 °C. The chemical reactions are listed as follows

(eq. 4.1) [1]:

0
| I 0
warn() — P—()vn wam Q— P— Qv |
| o O— P — O vnn
. OH |
NH; —ONH, ~H,0 (!) 1)
NH; 0 )
0 OH |
| 1 O
v O— P— 0w wO—I"’—Om g
0

The ammonia released from the reaction mentioned above can prevent the com-
plete degradation of polyphosphate to P,0s. In the second stage of decomposition,
it will further dehydrate the chemical reactions listed as follows (eq. 4.2) [1]:

|0 |
B0 —0%R B0, wmo— o (4.2)
0 NH,

NH,
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4.2.2 Thermal decomposition of APP/PER

When most of typical IFR is heated, it results in chemical interaction between
inorganic acid and polyhydroxy, thus producing the carbon [6]. Charring pro-
cess of cellulose and inorganic acid has been widely and extensively studied;
charring mechanism is related to dehydration of inorganic acids, but its mech-
anism and agent are related to the structure of carbonizer and flame-retardant
polymers [5].

IFR, which is widely used in industry, is the mixture of APP/PER/M. In Refer-
ence [6], it is shown that when the mixture of dipentaerythritol and APP is continu-
ously heated, they soften and melt at a temperature of 215°C and APP begins to
decompose; at a temperature of 238 °C, the hydroxyl groups begin esterifying, form-
ing water and producing gas, and the color of the material turns into dark (before
the temperature of 238 °C, the material remains clear); at a temperature of 360 °C,
the material become jelling and curable.

When the CH,OH:P = 6:1 (molar ratio) in the material, and the temperature is
around 500 °C, the carbon layer has the maximum carbon yield.

Reference [5] reports that they have analyzed the release rate of water and am-
monia of the mixture of APP/PER upon heating and characteristics of the reaction
products by thermal gravimetric analysis and nuclear magnetic resonance (NMR)
techniques [31]. The reaction of APP/PER contains two steps of continuous heat-
ing. The first step occurs at 210 °C, the phosphate chain fracture and =P(0)OCH,
are formed, which may be caused by alcoholysis or phosphorylation of the APP,
but it does not produce gaseous products. The second step is the formation of cy-
clic phosphate, releasing ammonia and water. The chemical change is shown in
eq. 4.3 [5].

0 0] ¢} . 0
I [ I HOH,C, & CH,0H

|
wnQ— P—0— P—0—P— Owwa + C — > wm0O—P—O0H
I | | N |
HOH,C CH,0H ONH,
(4.3)

HOH,C. SCH,0H

N
: [ I “NH, -H,0 HOH,C( $CH0%, 0
HOH,C” N CH,0—P—0—P—Qww > 2 Ne? ¥ (")

| N\ € O0—P— Qe
ONH, ONH, HOH,C CH,0 o—f|> 0

ONH,

When —CH,OH/P in the mixture of APP/PER is lower than 2 (molar ratio), the reac-
tion in eq. (4.3) may lead to the formation of diphosphate [5] of PER described
below.
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In Ref. [1], the authors make the mixture of APP/PER undergo the isothermal reac-
tion below 200 °C. If the mixture weight remains unchanged, it indicates that the
reaction is completed. Under the same condition when APP is added, the weight
loss will be very limited. While heating PER only, PER will volatilize merely. Vola-
tiles released by the mixture are made up of the ammonia, water and PER. APP
and PER interact and release ammonia and water, the reaction competes with the
volatilization of PER. The volatilization of PER will stop after the end of the
reaction.

Infrared spectrogram of the APP mixture heating up to 156 °C shows that the
1650 cm™, 1220-1230 cm™ and 1030-1140 cm™! correspond to the new band of the
ester group: (P-OH), (P=0) and (P-0-C).

The 31° NMR spectrogram at the first stage of APP/PER thermal decomposition
is different from the APP; it lacks the signals of parallel middle and terminal
group in the polyphosphate chain, which are substituted by the multiplet signals
with the center of -2.78. This indicates the structure of pentaerythritol phosphate
(PEDP).

There are two stages of deaminization and dehydration of the APP/PER mixture
and the APP. In the first stage (210 °C), the release rate of ammonia increases with
the rise fraction of PER. When the concentration of PER is low, the released water
and the ammonia will reach the constant value at the same time. When the amount
of the PER increases, a lot of water will be released even after the release of ammo-
nia; the increased water release demonstrates that the ammonia release is because
of thermal decomposition of APP and both of them will release water. Heating the
sample at 290 °C after the first stage, additional ammonia and water are generated
with merely 15% of phosphorus loss.

Alcoholysis is the reaction which is most likely to occur in APP/PER mix-
ture. At 210°C, the ester bond contains most of the phosphorus atoms. After
the alcoholysis of the APP, the cyclic pentaerythritol ester structure will be
generated; however, its structure still can not be defined accurately. When the
APP/PER is comparatively low, it might be that the bicyclic PEDP is embedded
in the APP.

The IFR with rich PER released more water than that released in the complete
esterification of the hydroxyl. It may be because of the intermolecular dehydration
of the PER and the generation of ester bond. The product PEDP esters or ethers gen-
erated in the primary reaction between APP and PER can be expanded when it is
further heated.
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4.2.3 Thermal decomposition of pentaerythritol diphosphate

Pentaerythritol diphosphate (PEDP) listed below had been adopted as a model com-
pound (the structure may be formed in the primary reaction between APP and PER)
to study the probable reaction in the IFR expansion [5].

0 0
e
No N o’
(I11)

HO OH

Thermal degradation of the abovementioned model compounds is conducted
step by step; each step releases a certain amount of gaseous products and may
form P,05 with a high boiling point. The mixture expansion starts from about
300 °C; the most intense expansion occurs at 325°C. If the temperature is above
325°C, the expansion tendency disappears, which is mainly because of the lim-
ited amount of volatile products generated during thermal degradation. If tem-
perature is further increased to 250 °C, the model compound will be similar to
the thermal reaction of APP/PER and phosphate will be generated in the mix-
ture of APP/PER.

If making IFR flame retardation by the model compounds or the APP/PER mix-
ture, the foaming agent should be added, and the latter should provide gaseous
products in the expansion range (300-350 °C) of the phosphate structure, in which
the amine is quite suitable.

4.2.4 Reaction between each IFR components and the polymer

The multicomponent reaction inside the IFR and its reaction with the flame-retardant
polymer attract researchers’ attention (detailed as below). According to Ref. [17], if
the PP is added into the APP/PER, it will not change the temperature (<400 °C) of IFR
etherification and its expansion into carbon as well as the ingredients of hydrocar-
bons released by PP thermal degradation. But APP affects the thermal degradation of
some acid-sensitive polymers significantly (such as polyester and polyurethane),
therefore increases the amount of char [5].

In the IFR system, APP may react with other additives and generate active spe-
cies with terminal base. The char will be formed by interacting with olefin double
bond or degrading the PP molecules [18, 19].

As mentioned above, the IFR in high temperature consists of a series of reac-
tions, they should occur at an appropriate rate and in right time. The time and rate
of these reactions changes along with the type of the flame-retardant polymers and
thermal conditions.
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The char-forming reaction between IFR and the polymers is more complex
than above decomposition reaction of APP and APP/PER. Taking the PA6/APP
system as example, although the thermal decomposition temperature of APP is
about 70°C lower than that of PA6, the thermal decomposition rate of PA6/
40% of APP system is lower than that of pure PA6 system because expanded
carbon layer can effectively protect the underlying substrate. With the produc-
tion of app, PA6 of this system forms ester, which releases caprolactam ring
and forms foam sputum layer. The chemical reaction is listed as follows (4.4)

[20]:
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When the PAN and the phosphorus flame-retardant systems containing APP are
heated together, PAN will form carbon through cyclization and dehydrogenation.
The chemical reaction is as follows (4.5) [21]:
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IFR has low smoke and low toxicity without halogen. But the application of the IFR
remains limited until now because of the poor water solubility, poor mobility and
poor thermal stability of IFR. Besides, it costs a lot due to its large amount of flame
retardant (20-30%) and is bad for polymer processing. Thus, it can be possible to
develop the high quality of IFR only if we have a deep understanding of the mecha-
nism of expanding and making a detailed study on the chemical and physical pro-
cess of expansion of the IFR.

4.3 The expansion formation of char of IFR
4.3.1 Char formation process and the chemical reaction

Generally, expanded char layer of IFR can be formed by following interactions: (1)
At low temperature (about 150 °C, the concrete temperature depends on the nature
of the acid source and other components), the acid source can produce acid which
can esterify polyhydric alcohols and acids which is used as dehydrating agent. (2)
At the temperature slightly higher than that suitable for the acid releasing, acid will
do esterification reaction with polyhydric alcohols (carbon source), and amine
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could accelerate the esterification reaction as a catalyst. (3) The system melts before
or in the esterification reaction. (4) Water vapor produced in this reaction and the
noncombustible gases produced by the gas source made the molten system expand
and foam. At the same time, the polyhydric alcohols and ester form inorganic sub-
stances and char residue through dehydration and carbonization. (5) At the end of
the reaction, the system is gelled and cured and forms porous carbon foam layer
finally. The steps above should be done in the following order strictly and in a coor-
dinated way. The whole process is illustrated in Figure 4.2.

Acid Dehydrating

source agent Carbon
Catalytic carbonization foam layer

| Gas Non-combustiblel—
source gases

Figure 4.2: Formation process of porous carbon foam layer [1, 22].

When the expansion char layer forms, the rate of gas generation and the growth
rate of viscosity of molten polymer as well as the rate of its transition to solid rate
should match each other to form stable foam char layer. Otherwise, char layer will
collapse and lose its flame-retardant performance. As the flame-retardant polymer
system forms foam char layer when heated, the viscosity increases sharply when
the molten polymer turns into solid one, and gases generated by foaming agent
go into char layer at the same time. If flame-retardant system contains reactive
components, their interaction at high temperature will form partly linked and
non-melting macromolecules compounds. For example, non-melting solid prod-
ucts generated by the system containing amino benzene sulfonic phthalein amine
have partially cross-linked structure in 250-260 °C because of the interaction be-
tween terminal amino and secondary nitrogen base. When the temperature rises
to 360 °C, the sulfonated phthalein amino groups begin to react with each other,
the bond of sulfonated phthalein amino breaks and carbon layer is formed. The
main gaseous product of the reaction is of SO3;, whose amount increases with the
rise in temperature.

For the system of PP/APP/PER, in the first process of reaction (<280 °C), the
acid source in it (APP and its thermal degradation impurity — orthophosphate and
phosphoric acid) and carbon source have a chemical reaction and create the mix-
ture of ester. Later, carbonization happened in 280 °C (according to Ref. [23], this
process is mainly through the free radical reaction). In the second process of reac-
tion (280-350 °C), the release of gas (e.g., APP releases NH3) expands char layers.
Further increasing the temperature to 430°C, the intumescent char layers
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decompose at higher temperature and no longer have the feature of inflation. Be-
tween 280 °C and 430 °C, the thermal conductivity of the carbon layer decreases
and isolation performance improves [26].

In addition, Ref. [1] pointed out that when the PP/APP/PER burns, first step
is that the APP releases ammonia and water, PER gets phosphorylation and PP
gets thermal oxidation. The second step is the dehydration and phosphorylation
of the system. The last step is the cross-linking of the network, carbonization
and formation of char layer. Nonflammable gaseous products generated by the
decomposition of the foaming agent make carbon layer puff and some nonflam-
mable gases enter the gas phase. Studies have pointed out that APP is not only
for the formation of carbon layer but also takes part in the chemical reaction of
condensed phase. Although the rates of reactions mentioned above are very
high and, at different time, the dominant reactions are different, it all depends
on relative proportion of each reaction. Phosphorus in IFR generates phospho-
rus oxide through the combustion of materials, the contribution to oxygen
index of the materials is small and the phosphorus content in carbon layer de-
clines, too.

4.3.2 Char formation reaction of the PEDPs

In order to have a better understanding of the chemical reaction among the mixture
of APP/PER when they expand into char layer, Ref. [7] has described carbonization
process of the model compounds PEDP.

PEDP undergoes five stages of degradation between room temperature and
950 °C. Each stage has released volatile products. The formation of the foam gets to
its peak in the second stage of degradation (325 °C); with the further rise of tempera-
ture, the formation of foam decreases. When temperature reaches 500 °C, there is
no difference in measurement of the curves TGA and DSC, in nitrogen or in air, by
PEDP, and its volatilization finished at 750 °C. The first stage —OH condensate and
release water and organic matter reduces. This is clearly related to the dissociation
of phosphate ester and the formation of a kind of polyphosphate ester and carbon-
containing compound. This chemical reaction involves three kinds of reaction
mechanism: free radical mechanism, carbonium ion mechanism, and ring CIS elim-
ination mechanism. In free radical mechanism, elimination reaction happens due
to the lack of free radical inhibitor in the process of pyrolysis. Carbonium ion mech-
anism is supported by acid catalysis and kinetic property. If there is no hydrogen
atoms on B-carbon (such as PEDP), carboniumion mechanism should be the only
mechanism. In transition state of ring CIS elimination mechanism, it also exists.
Olefin is the most stable carbon ion in the thermodynamics. If it generates high ac-
tive carbon ions, it will suffer oxide migration or skeleton rearrangement to produce
more stable ions, and when the ring of ionized esters is opened, it will go into the
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second pyrolysis reaction. This reaction is going on in line with cis-elimination
mechanism, which can be seen in the reactions in eq. (4.6) [7].
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Both free radical polymerization and acid catalytic polymerization reaction can gen-
erate char from pyrolysis products. For example, the pyrolysis of ester and Diets—
Alder reaction after the displacement of § lead to the formation of aromatic ring
structures (4.7).

O,
-~

0
i
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CNY
PO% —a HO /P\OWCH3 (4.7)

The above reaction models help to explain the structure of foamed char layer.
These reactions maybe take place in an irregular process, competed with other pro-
cesses. The final products are generated by polymerization, Diets—Alder condensa-
tion and the aromatic ring structure. The ester pyrolysis can provide char-forming
substance material with quite simple chemical reaction.

Not only the IFR but also the polymer may play a role in char-forming and
foaming. For example, volatile products released by PP in the degradation process
can also participate in foaming.

Char formation is a complex process, which is related to the polymer structure,
additive composition and combustion process. C—C-conjugated double bond, cross-
linking bond and aromatic ring lead to char formation. The higher the char content
is (in the range of 72-95%), the higher the thermal stability of char will be. When
the oxygen index of char is up to 65%, char formation decreases combustibility [1].
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4.3.3 Composition and properties of char layer

Products of IFR degradation is one kind of heterogeneous matter [4]; the condensed
phase (i.e., porous carbon layer with phosphorus and carbon) is the mixture of
solid and liquid phase (acid tar-like substance), and it can capture the gaseous and
liquid products of thermal degradation of polymers with required thermal and dy-
namics performance. In addition, porous char layer of the condensed phase con-
tains pregraphitized high molecular aromatic compounds (combining by polymeric
bonding, phosphate base, [two or three] multi-phosphate), and crystalloid IFR sub-
particles and amorphous phase which covered on crystalline phase. The latter is
made up of small molecular aromatic compound, phosphate (easy to hydrolyze),
alkyl compound and the polymer chain fragments produced by the degradation of
IFR component. The amorphous phase is closely related with protection perfor-
mance of char layer: its volume must just cover the crystalline phase and should
have proper viscosity to make the carbon layer to get desired thermal and dynamic
performance, make it easier to withstand the solid particle and gas stress on the
char layer.

Flame-retardant efficiency of char layer generated by IFR flame-retardant poly-
mers is also related with plasticity of the char layer under the temperature in its
expansion process [27]. Some researches indicated that the rheological and me-
chanical properties of char layer generated by several IFR flame-retardant polymer
could be associated with flame-retardant properties [28, 29]. The chemical reaction
in the process of expansion of IFR flame-retardant system can change the heat and
dynamic performance of the system. For PP (PP/TPU/APP) utilizing IFR flame retar-
dant at 300-340°C, the apparent viscosity of the material decreases with time
when in presence of stress [27]. Stress is detrimental to entanglement of polymer
chain and free radical reaction also makes the length of polymer chain decrease. At
340-390°C, the apparent viscosity of the system increases with time, because
stacked high molecular multi-aromatic compounds linking PP chain and phosphate
compound. The high viscosity of the material is beneficial to protect the expansion
performance of material in terms of protective properties. If the viscosity of the sys-
tem is high enough, it can wrap gaseous products generated by material degrada-
tion and can also withstand the pressure of captured gas and solid particle. When
the temperature is higher than 400 °C, the viscosity of the system declined sharply
in the early 200 s period but decreased slightly later. At present, the dual role of
temperature and stress led to the degradation of expansion material, results in frac-
ture of multi-aliphatic chain and release of the corresponding products, which
makes the material lose its original thermal and dynamic performance and form
cracks in char layer, thus results in the loss of protection performance.

Ref. [1] points out that in terms of the PP/APP/PER system, the number of car-
bon atoms and phosphorus atoms in char layers is corresponding to those in the
flame retardant. Polyphosphate chain and certain amount of orthophosphate exist
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in carbon layer. If APP in IFR is replaced by diamine pyrophosphoric acid, it will
produce pyrophosphate debris instead of orthophosphate fragments [1].

Below 500 °C, carbon—phosphorus ratio on the surface of char layer increased
with the increasing temperature, this ratio in the matrix of char layer decreased
with the increasing temperature. The oxygen—carbon ratio shows similar tendency
which indicates that flame-retardant phosphorus migrated to the surface and then
oxidized.

Adding nitrogenous compounds into the IFR polymer-containing phosphorus,
the flame-retardant efficiency of phosphorus compound will be enhanced, because
phosphorus generated in the char layer may be fixed and difficult to spread. The
element analysis and infrared spectrogram pointed out that the char layer gener-
ated by some phosphorus and nitrogen IFR has P-N bond on its surface.

In general, no matter whether the polymers are flame retardant or not, they can
both form char in the combustion process. In the char-forming process, chemical
cleavage, cross-linking, bubble formation and mass-transfer process occurred. Car-
bon layer formed with combustion often contains disordered polycyclic aromatic
compound. When the temperature increases, its orderliness increases, the aromatic-
ity enhances and its crystallinity also increases [3].

The carbon layer generated by IFR is a multiphase system, which contains the
solid and liquid, gaseous products generated by material degradation and some
carbides of polymers containing aromatic fragments, with the structure of graphite.
To protect the underlying material, carbon layer must cover all the surface of the
material and should have enough strength [1].

4.3.4 Dynamic viscosity of material in the process of carbonization

In the early period of the expansion, the viscosity of polymer is an important factor
in the development of intumescent carbon layer. In particular, degradation of poly-
mer viscosity can affect the morphology of carbon layer, because viscosity restricts
the diffusion of gas generated by degradation of the material. The study of the rela-
tionship between the viscosity and time of flame-retardant polymer can help us to
better understand carbonization [3, 21].

Ref. [27] studied the viscoelastic properties of PP/APP/PU system (Figure 4.3)
[27] and showed the external viscosity of the system at different temperatures. At
200-240 °C, the viscosity decreases as the temperature increases, but even within
this temperature range, the surface of the material is carbonized. At 240-300 °C,
the viscosity decreased slightly, and the material seems to have carbonization and
liquefaction at that moment and generate phosphoric acid esters and aromatic com-
pounds [27]. At 300-360 °C, the viscosity is very low and the intumescent protection
layer is already formed on the surface of the material at that stage. Most of the ma-
terials are liquid, but the liquid phase and the solid phase exist simultaneously; the
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Figure 4.3: Relationship between apparent viscosity and temperature of PP/PU/APP system [27].

viscosity of the material depends on the liquid phase. At 360-450 °C, the viscosity
increased dramatically; the polymer has been completely degraded and carbonized.
The expandable foam layer consists only of solid particles. At 450-500 °C, the vis-
cosity increases slightly and finally reaches a certain value. At this stage, the char
layer begins to degrade and oxidize. In addition, we can also study the relationship
between viscosity and time, in order to better evaluate the mechanical properties
and thermal stability for protecting the expandable char layer and learn deeply of
carbonization process [3]. The flame-retardant efficiency of IFR is related to plastic-
ity of the protective layer it generates.

The relationship between the viscosity and time changes with the tempera-
ture of the material. Within the range of 300-400 °C, the external viscosity of the
material under stress decreased with the time. In the first 20 min, the external vis-
cosity reduced to 60% of its initial value. This is because of the reduction of the
polymer chain’s length by stress. On the contrary, at the period of 340-390 °C,
the external viscosity of the material increases with the time, because the expan-
sion process happened and generated stacked multi-aromatic compounds (as a
link between PP chain and phosphate) [31, 32]. During then, the viscosity of mate-
rial is high enough to cover the captured gas and withstand the stress from the
solid particle and pressure from gas. Over 400 °C, viscosity of the material
changes with time under stress. In the first 200 s, the viscosity decreased sharply
and then increased slightly. It is believed that with the dual function of high tem-
perature and stress, expansion material becomes thermal decomposition [32].
Although the expansion of the material is good, the viscosity is quite high and
almost constant [3].

The study on the viscosity of the system of intumescence is one of the important
ways to know the carbonization process. Moreover, the results and chemical consti-
tution of the intumescent protection layer complement with each other. However,
the viscosity of the system is measured in situ, whereas the study of chemical con-
stitution undergoes after the combustion of the sample.
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4.3.5 IFR recognition of HRR curves and TGA curves (char yield)

Heat release rate (HRR) curve of PP/APP/PER IFR system is peculiar to IFR (Figure 4.4)
[33]. There are two peaks on the curve; the first peak is generated by the ignition and
flame propagation on the surface, whereas the second peak is derived from the de-
struction of expandable structure and the formation of carbon layers. In the plateau
region (HRR value constant) between the two peaks, the material is protected by the
expansion layer. The intumescent layer formed by IFR is resistant to high temperature
(at least 450-550 °C) and should protect the polymer reach a temperature lower than
its thermal degradation temperature. Thus, the high polymer will not be degraded
quickly.
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Figure 4.4: PP, PP (70)/APP (20)/PER (10) and PP (70)/AP750 (30) of the HRR curve.

Carbonaceous residues produced by heated IFR retardant polymers change with the
flame-retardant polymers and IFR itself, as illustrated in Figure 4.5. For example,
the carbon proportion of PP, PP (70)/APP (20)/PER (10) and PP (70)/AP750 (30)
(AP750 is APP bonded by the epoxy resin (2-carboxyethyl) isocyanurate trimer dii-
socyanate compound) are 0%, 18% and 40% at 800 °C, respectively. At 250—-800 °C,
stability of the PP with IFR is much higher than that of single PP.

4.3.6 Structure of carbon layer

The structure of the foam char layer is related not only to the process of gas genera-
tion but also to the viscosity of the relevant semiliquid matrix. The matrix with low
viscosity is nearly full of liquid; therefore, the gas is not easily distributed and will
diffuse into the flame. Sometimes, the viscosity of the foamed material is critical to
the structure and quality of the char layer. In addition, the change of viscosity of char
foam layer under stress sometimes results in the loss of protection of carbon layer. If
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Figure 4.5: PP, PP/APP/PER and PP/AP750 of the TGA curves (as carbon content) [33].

the char layer is very hard, then it is easy to produce and disseminate crack, thus
result in rapid degradation of the material. Even if the char layer has a good
structure morphology and insulation performance, if the char layer is easily bro-
ken by mechanical action, the flame-retardant performance will also be poor [3].

The char layer of IFR system is generated through the half-liquid phase, expan-
sion of the surfaces and production of gas simultaneously [14]. The liquid carbon
began to solidify and form solid porous carbon foam layer during expanding pro-
cess. The gas generated by IFR degradation (in particular the foaming agent) is
spread and is captured in the high viscosity of the melt with the development of the
expansion process, in the end materials with appropriate properties, and functions
are formed [3].

The way of the gas spreading in a semiliquid material has an extremely impor-
tant effect on the structure and mechanical properties of the formed char layer. For
example, epoxy-based expandable material (including APP) the heat-capacity
increase sharply for the temperature 100-200 °C, because decomposition of APP re-
leases ammonia (gas) into the gas bubble, which results in the increase of the pres-
sure inside the bubble. But if the APP is shifted to aluminum borate, or manganese
dioxide, the heat capacity of the coating does not change significantly with temper-
ature; the process of gas generated by expandable coating is relatively slow, so the
structure of formed char layer is formed better [3].

In Figure 4.6, the char layers of two combustion systems including PP/APP/
poly acid and PP/APP/polybasic acid/BSil are compared by cone calorimeter. The
former shows a lot of fractures, whereas the latter is continuous and compact.

For the condensed-phase flame retardant, the nature of solid phase under burn-
ing and steady state is directly related to the fire-retardant efficiency. For example,
when MNT is added to PA6/0OP1311 (aluminum phosphinate), efficiency of the flame
retardation greatly is improved because of the improvement of the char-layer struc-
ture (see Figure 4.7) [3]. When the recipe does not contain MNT, char layer will form
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Figure 4.6: BSil (right) and free BSil (left) of the PP/APP/poly acid, carbon layer is measured in
cone calorimeter [35].

Figure 4.7: PA6/0P1311 (above) and PA6/0P1311/MNT (below) of the combustion residue
(char layer) [3]. Left: after ignition and right PHRR time.

a large bubble. Obviously, the char layer containing montmorillonite (MMT) can
form better barrier of mass and heat transfer.

Similarly, with a certain amount of well-dispersed carbon nanotubes and polymer
nanocomposites, the carbon layer will form with a mesh structure, no large cracks and
cover the entire surface [36].

4.3.7 Flame retardancy of carbon layer
When IFR is exposed to strong heat, expandable char layer formed on the surface of

the polymer (char-layer density decreases with increasing temperature) is the con-
densed phase flame retardation which performed as physical barrier of delivering
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heat and material transfer between gaseous phase and condensed phase [37]. When
IFR utilized in polymers, in the early combustion, the thermal degradation to the
gaseous phase of the combustible polymer may be terminated [4]. For example, the
LOI of PP, PP (70)/APP (20)/PER (10) and PP (70)/AP750 (30) is 18%, 32% and 38%,
respectively. Moreover, PP cannot reach UL94V level, whereas the two PP polymers
with IFR have passed UL94V-0 level. For peak heat release rate(PHRR), the above
three kinds of materials were 1800 kW/m?, 400 kW/m? and 180 kW/m? [33].

IFR directly plays the role in the condensed-phase flame retardancy. For exam-
ple, oxygen index and N,O index of PP with APP/PER (3/I) as flame retardant are
shown in Figure 4.8, and the flame-retardant effect is independent of all oxidizing
agents, which shows that the additive is worked according to condensed-phase
flame retardation mechanism.

0,-} N,0

Oxygen index(V/V)(%)

1
0 10 20 30 40
IFR addition(%) Figure 4.8: PP/APP/PER oxygen index and N,0 index.

In addition, flame retardant of the char layer is not only a barrier for heat and mate-
rial transfer but also contributes to end the radical reaction chain in the thermal
degradation of high polymer because the free radical in carbon layer can react with
the gaseous radical. It also helps to mitigate thermal degradation of high polymer
protected by carbon layer in the condensed phase. Meanwhile, char layer can be
used as a carrier of acidic catalyst which can react with oxidation product formed
by oxidative degradation of the polymer [4]

Ref. [1] holds an opinion that the carbonization layer usually contains nitrogen,
oxygen, phosphorus and other elements. The carbonization layer on material sur-
face reducing the flammability of material has the following reasons: (1) the carbon-
ization layer makes heat difficult to penetrate through the carbonization layer and
enter into the condensed phase, (2) the carbonization layer can prevent oxygen in
surrounding medium from diffusing into polymer materials in degradation and (3)
the carbonization layer can prevent gaseous or liquid degradation from escaping
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from surface. However, the porous structure of carbonization layer also makes gas-
eous products penetrate through the carbonization layer and permeate through the
combustion zone. For the liquid products, pores of carbonization layer can be used
as a channel, which leads liquids rise to the surface of material and burn because
of the capillary force. The movement of liquids in foam material complies with the
Darcy Law, and the burning rate of materials will be influenced by the gasification
rate of carbonization layer and the transition rate that gaseous and liquid degrada-
tion products of polymer pass through carbonization. The amount of gaseous and
liquid degradation products decreases while the amount of carbonization layer
increases. The carbonization layer on material surface cannot effectively reduce the
flammability of materials when the polymer is of low-melting temperature, low-
melting viscosity or is easy to produce liquid products in heat crack.

Here are methods to reduce flammability of materials under carbonization
layer: (1) increasing the rate of carbonization, which can reduce the amount of com-
bustible volatile products escaped to the combustion zone. Adding some carboniza-
tion promoter into IFR system could get favorable result. For example, potassium
hypochlorite, which could help release oxygen when put into epoxy resin, could
enhance fire resistance of epoxy resin because of increasing char yield. A quantity
of 5% potassium hypochlorite can make oxygen index of epoxy resin reach 23%;
the oxygen index of materials will drop sharply when potassium hypochlorite is
over 5%. Compounds of tin and cobalt may also promote char conversion and then
reduce the combustion velocity of materials. Besides, such metal compounds can
also change the composition of volatile products of heat crack. Sulpho can also pro-
mote carbonization, but relevant reports do not reach the same opinion about sul-
pho compounds that these could be used as plastics flame retardant; (2) improving
the thermal resistance of carbonization layer and the surface temperature of mate-
rial, which could help reduce heat of convection, increase radiant heat loss and
heat consumption for heating materials; (3) increasing the thickness and decreasing
thermal conductivity of carbonization layer; and (4) reducing the permeability of
carbonization layer, and increasing the viscosity of liquid degradation products of
high polymer, which could decrease its mobility.

IFR may also play a role as flame retardant in vapor phase, because phospho-
rus—nitrogen—carbon system formed such flame-retardant will produce NO and NH;
when heated, and a very small amount of NO and NH; could lead to the termination
of free radical of chain reaction on which burning depends. Furthermore, free radi-
cal may collide with particles. Then, it gets the combination and becomes steady
molecule and finally interrupts the chain reaction [1].

It is reported in Ref. [1] that the permeability of carbonization layer should be
as low as possible to make carbonization layer have good flame retardant. For ex-
ample, it will produce carbonization layer with a very low permeability when phe-
nol-formaldehyde resin with ammonium phosphate gets hot crack, because the
phosphorus compounds in carbonization layer could make Darcy constant several
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times lower. The char layer produced by phenol-formaldehyde resin (phenylene-
double maleimide), which is disposed by phosphoric acid, as well as polymer gets
modified by ammonium phosphate are both of low permeability, thus increase the
flame retardancy of polymer. Take epoxy resin composites as an example; its oxy-
gen index could increase from 35% to more than 52% when it is covered by coke
laminates treated by phosphorus species. The low permeability of porous carbon
layer carbonization layer containing phosphorus may be due to that polyphosphate
produced in the heat is of high viscosity and then fills the pores during carbonization.

Some boron compounds can also reduce the permeability of carbonization
layer. For polystyrene system, the decreased flammability will partially come from
the low permeability of char layer which is formed through the thermal dissociation
and cross-linking (cross-linking agent is hexamethylene tetramine) of phenol—formal-
dehyde containing boron oxide. However, the permeability of this carbonization layer
relates with temperature. Below 450 °C, the permeability of carbonization layer
will decrease first and then increase with the increasing temperature. Because, at
450 °C, the boron compound is a kind of transparent liquid, and it can cover the
pores of carbonization layer and decrease the permeability of carbonization layer,
above 450 °C, it will decrease the viscosity of the membrane of compounds con-
taining boron and the coverage of char layer surface goes up, thus increase
permeability.

In addition to char yield and char-forming speed, the quality of carbonization
layer (as a barrier impeding mass transfer and heat transfer) could be regarded as a
quite important factor. If the formed carbonization layer is porous carbon layer,
then obturator foramen is better, and the carbonization layer should have no cracks
and cavities. For the amount of carbonization layer, the quality is more important
than volume.

4.4 Synergist of IFR
4.4.1 Overview

The synergists are something that can accelerate the charring process or improve
the quality of char layer of IFR. It can effectively influence many thermoplastic and
thermoset high polymers, and usually a little synergist could bring great effect.
Following is a well-known example: adding molecular sieves into IFR could in-
crease flame-retardant efficiency, reduce heat release and inhibit smoke. Moreover,
with molecular sieves, phosphorus—carbon structure produced by IFR system is
more stable. It is pointed out in other researches that molecular sieves can help
form organic phosphate and aluminum phosphate in polymer chains, thereby limit
the decomposition of polymers and decrease the amount of the combustible gas-
eous products entering into flame zone. In addition, molecular sieves are conducive
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to form “adherence” structure in polymeric materials, and this “adherence” macro-
molecular network structure and its interaction with polymer chain could enhance
flame retardancy of materials. In fact, aromatic structure in intumescent fire barrier
can increase strength of materials and make material surface flexible, and reduce
the possibility that material surface cracks in the heat. Thus, the rates that oxygen
diffuses into polymer matrix and flammable gaseous generated by degradation of
polymers are getting lower [1].

Boron siloxane elastomer is an effective synergist for APP and polyol IFR sys-
tem, and it will bring remarkable improvement when applied to polyolefin. The dy-
namic rheology test indicates that the system can generate PER-BSil cross-linked
macro-molecular. The APP-BSil reaction could also increase plasticity of intumes-
cent foam carbonization layer produced in the heat. The FTIR test confirms that
chemical reaction can occur between boron siloxane elastomer and flame retardant,
and DTG test affirms that this reaction can have positive effect on flame-retardant
system.

Polyvalent metals affect the oxidation process. For example, compounds of cop-
per, tin, antimony, and cobalt can affect thermal cracking of epoxy resin. With tin
compounds, the starting degradation temperature of epoxy resin can be increased
from 60 °C to 80 °C, and char yield gets increased as well. When polymers get oxida-
tive degradation at 240-320°C, tin compounds may greatly extend the induction
period of degradation. The compounds of tin and cobalt can also increase the speed
of charring process and then decrease combustion rate of materials. Furthermore,
such metal compounds can also change the compositions of the volatile products
after thermal cracking [1].

There are many other available IFR synergists, such as nanofillers, natural pot-
tery clay, zinc borate, talc, polyhedral oligomeric silsesquioxane (POSS), magne-
sium oxide, manganese oxide etc [4].

4.4.2 Molecular sieve

According to Refs. [4, 6], the combination of molecular sieve and APP/PER or PY/
PER (PY is coke phosphorus) can significantly improve the flame-retardant property
of various polymers. For example, when the constant amount of APP/PER comes to
30%, the LOIs of PP, low-density polyethylene (LDPE) and PS are 30%, 24% and
29%, respectively. When 1.5-1% of molecular sieves (4A or 13X) are added, LOIs of
the abovementioned matters increase to 45%, 29% and 43%. Moreover, their flame-
retardant grade reaches UL94V-0 [4] before and after adding molecular sieves, indi-
cating that molecular sieves have a good synergistic effect on IFR (APP/PER). HRR
of materials measured within the cone calorimeter also prove the same [38]. From
the curves of LRAM3.5 (I) (ethylene/butyl acrylate River/maleic anhydride copoly-
mer), LRAM3.5/APP/PER (II) (IFR amount of 30%) and LRAM3.5/APP/PER/HRR
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4A0ID (4A was 1-1.5%), we can see that when the heat flow of cone calorimeter is
50 kW/m?, 200 s, HRR in (II) and (III) is almost the same. When HRR in (II) and (III)
is 300 kW/m? and 150 kW/m?, 600 s and 1.5% 4A is added, HRR value of the high-
temperature section (after ignition) decreases to 1/2, which shows that the molecu-
lar sieve-containing material under severe thermal oxidation conditions can toler-
ate longer. Furthermore, the curves of (II) and (III) are similar to the HRR curve. All
of them have three peaks: the first peak appears in the process of thermal degrada-
tion of IFR, the second one occurs in the process of thermal degradation of residue
as well as the formation of expanded char layer and the third one turns up in the
process of thermal degradation of the char layer [4].

The function of the carbon molecular sieve is that it can change structure of
carbon (stacked-like macromolecular aromatic substance) in char layer and delay
the reconstruction of carbon [39-41]. In addition, molecular sieves help char layer
to keep much of the aliphatic linking bridges. Besides, the alumina-silica phos-
phate organic compound generated by the addition of molecular sieve can make
char layer steady and reduce P-O-C bond breakage so that a volume of the bulk-
shaped macromolecular aromatic composition increases [38]. Furthermore, when
introducing molecular sieves, pyridine nitrogen compounds (APP heterocyclic com-
pound by reaction of NH; with the interpreted generated carbon-carbon double
bond) could be detected at any temperature. While the formula is without molecu-
lar sieves, pyridine nitrogen compounds [4] can be detected only above 350 °C. The
existence of pyridine nitrogen indicates that polycondensation of condensed poly-
aromatic has been delayed, which helps to improve the mechanical properties of
the char layer and thus improve the flame-retardant properties of the material.
Moreover, molecular sieves help to stabilize the phosphorus—carbon structure pro-
duced by IFR, because the bridging of polyethylene by the organic phosphite ester
or organic aluminum phosphate limits the depolymerization process, which can
generate small molecule contributing to the fuel flame. Moreover, participation of
molecular sieves also contributes to the formation of adhesions, which is a macro-
molecular network system, while the bridging polyethylene seems conducive more
to improving flame retardancy. In fact, some of the carbon layer generated by poly-
mer/IFR is more brittle. When the bridging polyethylene enters into the carbon
layer, aromatic ring system bridges through an aluminum phosphate (ester) or acid
phosphate (ester), which empower flexibility to carbon layer so as to have the de-
sired mechanical properties [40]. Encountering a fire, such carbon linked to the
generation and propagation can delay the production and transmission of cracks,
isolated from heat and oxygen so as to prevent polymers from rapid thermal degra-
dation into small-molecule products.

In recent years, some cheap industrial waste-containing molecular sieve (such
as fluidized catalytic cracking catalyst) has also been used as synergist for IFR, and
the effect is obvious [4].
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4.4.3 Nano-ingredients

According to Ref. [2], nano-ingredients can improve physical and chemical perfor-
mance of expanding char layer, and Ref. [42] claimed that with a catalytic function,
only 0.1-1.0% mass rate nano-ingredients can give a good effect of stabilizing char
layer and improve its flowing performance. It can generate active sites of optimal
chemical reaction in condensed phase and make char layer with necessary thermatic/
dynamic character.

In Ref. [43], organic ameliorated MMT and boron monument siloxane elastomer
(as the base carrier of fire retardant and front pottery) were added into IFR with APP as
one of the components with 1% mass rate. When using it within flame-retardant PP, its
LOI was increased by 2—-8% and UL94V-0 can be achieved. The material with these in-
gredients maintains higher viscosity in high temperature and can control the activity of
fire retardant. Furthermore, at early period of material’s decomposition, it will generate
nanocomposite exfoliate structure and therefore protect the matrix material.

Moreover, boron silicone elastomer makes the char layer more flexible to improve
fire-resisting capability of char layer. In addition, boron-silicone elastomer-enwrapped
MMT leads to higher surface protection of char layer. According to the test results, no
obvious chemical reaction happened between APP, boron silicone elastomer and MMT
at a temperature range of 25-350 °C. In IFR with APP and molecular sieve, phosphosili-
cate produced above 350 °C. Therefore accordingly, boron silicone elastomer can also
be generated with APP at a high temperature (e.g., >300 °C). In addition, this kind of
compounds improves the flame retardation ability of expanding char layer. For IFR
with APP and MMT, aluminum phosphate will be produced.

In IFR, POSS works synergically with phosphate as illustrated in Figure 4.9.
When OP950 applied in PET material experiment with the total amount was set as

Figure. 4.9: Expansion of material with LOI
measurement. (1) single-PET; (2) PET/OP950
(20%); (3) PET/OP950 (18%)/POSS (2%).
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10% and 20%, PET’s LOI reached to 29% and 35%. But if a few POSS was added
into OP950, the PET’s LOI raised to 36% (still 10% total amount of OP950/P0OSS)
and 38% (20% total amount of OP950/P0SS). The ingredient with POSS owned
higher expand rate and then led to higher flame retardation ability. Meanwhile,
single-PET, PET/OP950 (20%) and PET/OP950 (18%)/POSS (2%) owned PHRR of
750 kW/m?, 500 kW/m? and 250 kW/m? Therefore, POSS could be the expander
and synergists of char layer to improve the quality of char layer and protection.

4.5 Improvement of IFR

The methods to improve IFR are as follows: (1) using high polymer (PA, TPU) char-
ring agents to replace normal low molecular polyhydric alcohols charring agents,
which could decrease the water solubility and mobility of charring agents and then
improve the mechanical performance of char layer; (2) applying high polymer nano-
composites to raise the distortion temperature of fire-retardant polymer and de-
crease the air permeability to improve the mechanical performance and fire
resistance of its char layer and (3) wrapping the acid ingredients (phosphate or bo-
rate) with charring agent to make the latter microcapsulative and then gain the in-
ternal fire-retardant IFR.

4.5.1 Polymer charring agent

Polyols was usually applied as charring agent for IFR, but the problem of pen-
etration (spreading) and water solubility exists, and its incompatibility with
polymers can influence the mechanical performance of fire-retardant polymers.
For IFR used in polyolefin, polymer such as TPU and PA6 has been applied as
charring agent to avoid or ease those problems. The IFR with TPU as carbon
source and APP as acid and gas source have been applied in flame-retardant
IPP. Considering the decreasing HRR of flame-retardant PP, polyester TPU
works better than polyether TPU. For one polyol, the harder the segment in
TPU, the more the HRR decreases. For PP/APP/TPU system, when the total
amount of APP/TPU is 40%, the LOI depends on type of polyols and the APP/
TPU rate, and polyester polyols can realize higher LOI to PP than polyether
polyol can do. The best APP/TPU rate (in quality) depends on polyol’s type
too but should lie within a range of 1-3. However, PP/APP/TPU system can
easily produce molten drop, so it can just pass UL94V-2; only, the APP/TPU
amount reaches to 45% if it passes the UL94V-0.

The charring agent PA6 has been applied in PP, for PP/APP/PA6 system;
some surface treating agent (such as ethylene-vinyl acetate copolymer) should be
added to prevent the transportation of APP in PP and also improve the
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compatibility of PA6 and PP. When the total amount of APP/PA6 is 30% (the mass
rate of APP /PA6 is 3:1) and the amount of ethylene-vinyl acetate copolymer(EVA)
is 5%, LOI of the fire-retardant PP could reach to 28%, fire resistance could pass
the UL94V-0 (3.2 mm sampling), and HRR peak value (PHRR) is only 250 kW/m?
(normally single PP has a value of 1400 kW/m?). If some other ingredient such as
talcum powder is added, higher modulus and better chemical stability will be
achieved for PP, which leads to easy process. Talcum powder helps to generate
ceramic-like shields and therefore improves the protection performance and the
Yang’s modulus.

4.5.2 Nanofillers as components of IFR

Lots of researches have pointed out that organically modified MMT can lead to a
dramatic PHRR reduction (about 50-70%) of many high polymers, such as PS and
PAS. But the improvement of material’s LOI and UL94V was too small. This is be-
cause in the determination of HRR in a cone calorimeter, the combustion of the
sample is conducted in a horizontal direction, whereas the measurements of LOI
and UL94V are applied along vertical direction. Moreover, PPCH usually main-
tains lower viscosity; when melting entropy is generated in combustion, the corre-
sponding material will outflow. However, nanoadditives can improve mechanical
performance of high polymers. Thus, the IFR with high polymer charring agents
and nanoclay can work competently to ameliorate both fire resistance and me-
chanical performance. For example, consider EVA-24/APP/PA6-nano (hybridiza-
tion of PA6 and nano-pottery) and EVA-24/APP/PA6, with a 40% total application
of APP/PA6 and a 3:1 mass rate, the former material always maintains higher frac-
ture stress and elongation at break. What is more, the former LOI is 37%, whereas
the latter is 32% and if aiming to UL94V-0 authentication, the APP of the former
may reach 10-34% and the latter may be 13.5-34%. PHRR of the former would
turn to be 240 kW/m? and the latter would be 320 kW/m?. The frangibility of the
former char layer was also lower. In Ref. [26], the weight loss curves of EVA-24/
APP/PA-nano and EVA-24/APP/PA6 both in N, (in a radiation gasification equip-
ment) and air (in a cone calorimeter) were compared. According to the four curves,
except EVA-24/APP/PA6 curve in air, other curves were similar to each other. This
shows that oxygen has an important influence in thermal decomposition of EVA-24/
APP/PA6. While for EVA-24/APP/PA-nano, with nanoclay acts as a shield of oxygen
spreading and then decreased or eliminated oxygen’s influence on material thermal
decomposition, the weight loss curves in N, and in air stay approximately the same.
Moreover, nanopottery helps to generate P/C structure or more sticky char layer and
slows the mass transfer and the thermal spreading. Furthermore, nanopottery can
react with APP and generate aluminum phosphate; the latter can thermally stabilize
P/C structure and the heat-resistance temperature will reach 310°C. When the
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temperature continues to rise, with aluminum phosphate’s decomposition, the P/C
structure will be destroyed. Then, amorphous alumina ceramic with orthophosphate
or polyphosphoric acid is produced which can also acts as a shield. No P/C structure
but orthophosphate mixture is detected in expanding char layer in EVA-24/APP/PA6
system without nanopottery.

The organic pottery is added into EVA-19 and PA6, and EVA-nano and PA6-
nano are obtained; then, the EA-nano/APP/PA6 and EA-nano/APP/PA6-nano are
found. When the total amount of IFR is 40%, both LOIs rise to 33-34% and can
pass UL94V-0; when the LOIs of EVA/APP/1PA6 and EVA/APP/PA6 with the same
formula are 29-34%, UL94V-0 passes too. Moreover, there are two exothermic
peaks on the HRR curve of EVA/PP/PA6 system. The first one corresponds to the
generation of expanding char layer, whereas the second corresponds to its break.
As long as the nanopottery exists in the system, the first peak will be low, but
only the existence of EVA-nano can reduce the second peak.

To know more about nano-fire-retardant polymer material, please see Chapter 6.

4.5.3 Microencapsulation of IFR

The microencapsulation discussed here means to wrap acid source, such as APP,
with high polymer charring agents, and TPU. Such microencapsulation can lower
the water solubility of APP and delay its transportation and penetration in base
materials.

Two crafts can be applied for microencapsulation: the interfacial polycon-
densation and the solvent evaporation. The former can be used for those mate-
rials with an average radius of 0.7 pm (fit for microencapsulation materials
with lower radius of 5 pum). After the microencapsulation, the material will
transform into ball with few aggregations. The latter craft can be used in
larger materials and get a higher product yield and easier amplification. The
TPU film for wrapping should be flexible enough to transform the particles
with no breakage [4].

IFR not only provides the high polymer with necessary fire-retardant perfor-
mance but also makes other performance, which is acceptable by customers. The ap-
plication of polymer charring agent is one of the most promising ways for IFR’s
improvement, which takes both fire-retardant and mechanical performance into con-
sideration. Nanocrystallization of IFR components can get better mechanical perfor-
mance. These materials are of low inflammability in horizontal combustion
experiments but cannot pass UL94V-0 authentication. The application of polymer
charring agent and group nanomic process at the same time is likely to be the
future direction for the design of effective expansion of fire-retardant polymer
material.
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4.6 Further understanding of intumescing flame retardation
mechanism

Currently, people have little understanding about the high-temperature kinetic of
IFR, and the explanation for inflation is qualitative and rough. In this regard, the
following questions are needed to be further investigated: (1) It is mainly involved
in the relationship between the reaction order and the temperature, during the
flame-retardant system, the reaction sensitivity to temperature, reaction order, the
influence of the change of the ratio of reaction product properties etc. (2) Function
of each composition within expansion-type flame retardant, catalysis and synergis-
tic effect between the components — for example, is APP the catalyst or the base
material of expansion of carbon layer? What contribution does APP make? Why this
kind of association effect agent (such as MA, our season four alcohol, etc.) greatly
improves the flame-retardant effect of APP? How APP network structure contributes
to the formation of the char layer? etc.(3) How the char layer network of flame-retar-
dant system is formed? How the precursor of char layer transformed into a carbon
layer? In the formation of char precursor, what reaction and physical change hap-
pened between the flame-retardant plastic surfaces and formed char layer? What is
the structure of char layer, especially the structure of the bubble hole? How to char-
acterize and determine the structure of char layer? How to optimize the flame-retar-
dant formula to improve the quality of the char layer, etc. (4) The fine structure of
polymer (such as crystalline, orientation, phase transition, etc.) on condensed-
phase flame retardant — it is crucial knowledge to improve the flame-retardant effi-
ciency of expansion-type flame retardant and development of new expansion-type
flame retardant. For expansion-type flame-retardant systems, although a lot of liter-
ature have been published [52], still many problems remain unsolved. For example,
the typical expansion-type flame-retardant system of APP has not yet been fully
understood.

In recent years, researchers have made numerous studies on abovemen-
tioned fields and obtained valuable achievements. For instance, they have al-
ready realized that the premise of char layer is formed at the temperature lower
than that of plastic cracking and burning. It is a kind of three-dimensional entity
structure, which can further be carbonized and become carbon layer of flame re-
tardant. Moreover, its composition basically retained in the final char layer. The
crystallization of char layer is made up of polyaromatic hydrocarbons coated on
cell size in the amorphous phase matrix. Through P-O-C bond, amorphous
phase is linked to phosphate and system-containing alkyl generated by thermal
cracking between flame-retardant plastic and into carbon agent in flame-retar-
dant system. Adding molecular sieve into intumescent char layer system, cell
size of both amorphous phase and crystalline phase deceases (10-100 nm) and
leads to form closer and more flexible structure. This structure is not easy to
break and can organize the combustible gas and free radicals and prevent them
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from escaping the char. At the same time, the thermal oxidation resistance of
carbon layer is increased; the residue is more stable after the thermal decompo-
sition [45]. In the expansion-type flame-retardant system, add a certain amount
of some metal compound catalyst and also meet with added molecular sieve ef-
fect [54]. But some deep-seated problems remain to be further investigated and
elucidated.

To form a char layer, carbon precursor must reach the surface of the mate-
rial, namely, it must be able to migrate to the surface of the material; that is to
say, carbon precursor layer should be easily moved, and the migration process
at least is related to two factors: (1) the difference between the free energy of the
surface of the molten plastic and its surface, and the difference between the free
energy of the plastic surface and the rich carbon precursor; (2) there must be a
driving force on the precursor of char layer; this can be made of temperature
gradients and flame retardants in the gas produced by decomposition of foam-
ing agent. Therefore, after a carbon precursor migrating to the surface of flame-
retardant polymer, the fire molten plastic and part of the flame retardant into
the composition of char layer are reduced. The expansion-type flame-retardant
system and other condensed-phase migration phenomenon remain to be investi-
gated. The effect of the foaming agent and the movement of gases in the molten
plastic within expansion-type flame-retardant system have been studied and the
influence of melting plastic viscosity on bubble motion has been pointed out
[55], but the influence of viscosity on char precursor migration is still a subject
to study.

With respect to the expansion-type flame-retardant carbon layer structure, it
is proven that diameter of bubble hole, mostly closed hole, within carbon layer is
5-50 pm. It is closely related to the composition of the expansion flame retardant,
especially the association effect performance of APP, but the bubble pore structure
and the relationship between the char layer of fine structure are not well known
[56]. Recently, researchers have taken different analysis methods to study the ex-
pansion of char layer structure, which are progressing in an effective manner. But
the basic properties and structural characteristics of the expansion of char layer,
also just have some estimates and sometimes even vague description, need to
be further investigated. In fact, the expanded char layer is an extremely complex
material, and a lot of parameters, such as volume, quality, density and fracture
resistance, elasticity, hardness, toughness, cohesion, coherence, air permeability,
thermal conductivity, specific heat, insulation, other fine structure and perfor-
mance parameters, are used for characterization of its performance. However, there
is no feasible way to measure the abovementioned performances. In particular, the
appropriate formula has not been invented yet which controls different char layers
[22]. The plastic expansion in this area, namely the relationship between structure
and properties of the char layer, is still a promising new research field that needs to
be further investigated.
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5 Flame retardation mechanism of other flame
retardants

This chapter discusses the flame retardation mechanism of metal hydroxides, fillers,
borates, red phosphorus, polysiloxanes and sulfous and nitrogenous compounds. In
addition, we discuss the effect of inorganic flame retardant’s surface properties and
conditions on flame retardant efficiency, as well as the solubility and migration of
FR’s in polymers.

5.1 Flame retardation mechanism of metal hydroxides

Some endothermic decomposition compounds [such as aluminum hydroxide (ATH)
and magnesium hydroxide (MH)] can cool the flame retarded matrix, reducing the
temperature below the degree required to sustain combustion. Moreover, endothermic
decomposition can produce water vapor or other non-flammable gases, which can
dilute combustibles in the gas phase. The residue formed during thermal decomposi-
tion also can act as a protective layer, protecting the matrix underneath from thermal
damage.

The molecular structure of ATH and MH has no hydrate water; the water re-
leased when heated is generated as a result of the decomposition of hydroxy
bonded with the metal. For ATH, the initial temperature for water release is 200 °C,
the released water is up to 34% (forming Al,O3) and the heat absorption during
water release is 1170 kJ/kg. For MH, these values are are 330 °C, 31% (forming MgO)
and 1370 kJ/kg, respectively [1]. Obviously, heat absorption and water release con-
stitute flame retardant modes of ATH and MH, but not all of them. Inorganic oxide
layer generated by the dehydration of ATH and MH also acts as a good heat insula-
tion layer. However, the newly generated Al,O; can result in smoldering [2]. When
the loading rate is low, the flame retardation performance of anhydrous aluminum
oxide is at times better than trihydrate alumina, for example, for epoxy resin. Anhy-
drous aluminum oxide is a catalyst which helps to catalyze char formation. For ex-
ample, silicon dioxide layer strongly inhibits heat release possibly because of its
bad thermal conductivity and the ability to reflect radiation heat. MgO is also a
good insulator. MgO formed during water loss by MH can also act as flame retard-
ants. When MH and other additives are used for flame retarding PP, the heat insu-
lating barrier of MgO can be strengthened. Some char forming acrylonitrile
copolymers (fiber or fabric) can also improve the flame retardancy of MH in rubber.
Certain polycarboxylic acid resins and polysiloxanes have been reported to promote
the transformation of ATH and MH to an insulation layer in fires [3].

Thermal analysis shows that the temperature of ATH releasing water is close to
the processing temperature of general thermoplastics, but far below than that of
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engineering plastics. Thus, ATH is not appropriate for plastics that require higher
processing temperature. As the releasing water temperature of MH is higher than
300 °C, it has a wide range of applications.

Endothermic mechanism realizes flame retardancy through three physical pro-
cesses of cooling, dilution and heat insulation, and the efficiency is much lower
than chemical flame retardants.

The main disadvantages of metal hydroxide flame retardants are low efficiency
and large loading, which generally accounts for 50%~70% of flame retarding mate-
rials to achieve optimum flame retardancy. However, if they are used collabora-
tively with other efficient flame retardants or as auxiliary smoke suppression
agents, the loading rate reduces.

The exact flame retardation mechanism of metal hydroxides is difficult to identify
because their efficiency is closely related to the type of polymers, especially the de-
composition mechanism of polymers. In polypropylene (PP), 60% loading is required
to reach 26% of limiting oxygen index (LOI), whereas in polyamide 6 (PA6), 60%
loading can increase LOI to nearly 70% [4]. Moreover, for different flame retardant
grades, the effects of metal hydroxides can be different. To pass test of UL94V-0
level, for example, there is a great relationship between the required loading and
melt droplet during burning of polymers. Some polymers containing metal hydrox-
ides have a high LOI, however, tend to produce melt droplet during burning. The im-
proved viscosity of melted polymers containing a large quantity of metal hydroxides
is beneficial for inhibiting molten drops. In addition, flame retardation efficiency of
metal hydroxides also depends on various factors, including particle size and distri-
bution, surface condition, purity and interaction with polymers [4].

5.2 Flame retardation mechanism of fillers

Some natural or synthetic inorganic substances, such as asbestos, talcum powder,
molybdenum compounds, alumina and aluminum hydroxide, ammonium salts,
and metallic carbides, can be used as flame retardants, mainly acting as fillers.
Their flame retardation mechanism includes dilution, accumulation and conduc-
tion of heat, cooling, surface effects on polymers, and so on. Fillers can be divided
into two categories — active and inert — but this classification is only comparative.
Factors that affect the activity or inertia of fillers include temperature, oxidants
present in materials and so on. For example, under 900 °C, asbestos in polymers
are only inert diluents of low thermal conductivity, but at 900 °C to 1400 °C, asbes-
tos can release crystallization water; above 1400 °C, asbestos can undergo endo-
thermic reactions changing its chemical structure. Some components of asbestos
may also react mutually with some thermal degradation products of polymers, mak-
ing the asbestos in polymers acting as an active filler [1]. When using inorganic fill-
ers as flame retardants for polymers, it is necessary to reduce the negative effects of

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.2 Flame retardation mechanism of fillers = 133

fillers on the polymer’s properties, to reduce the combustible components produced

during the decomposition of the polymer, to improve the thermal physical proper-

ties of polymers and to prevent the physical transition of the fillers. It is important

to note that some inorganic compounds used as flame retardants act as catalysts for

polymerization and polycondensation reactions; moreover, they have catalytic ef-

fects on the combustion and decomposition products of polymers, thus contributing

to carbonization. The most important mechanism for this is the dehydrogenation

cyclization and aromatization of hydrocarbons under the effects of catalyst. Such

catalysts include titanium, cobalt and aluminum oxides and aluminum phosphate.
In general, the main factors that affect the flame retardancy of fillers are dis-

cussed below [4].

1. Thermal effects
The thermal effects related to the flame retardation efficiency of hydration fill-
ers are mainly decomposition enthalpy of fillers and the heat capacity of related
substances, which can affect the thermal degradation of polymers, as well as
the barrier functions of residue formed by decomposition of fillers. Clearly,
strong endothermic fillers during decomposition are beneficial for flame
retardancy.

2. Thermal stability
The thermal stability of fillers, similar to polymers, should withstand the proc-
essing temperature of polymers; however, this does not imply the higher the
temperature the better. The thermal decomposition temperature of fillers
should match that of the polymers, so that they can play the role of flame re-
tardancy at the right time.

3. Gas phase interactions
Although flame retardation effects of some fillers (such as hydrated filler)
mainly arise from reactions of condensed phase, dilution cooling and coverage
function of inert gases cannot be overlooked. For example, 51% of flame retar-
dation in the case of AI(OH); arises from the heat absorption during decomposi-
tion, 19% from the decomposition residue (oxide) and 30% from the gaseous
decomposition products [4].

4. Interactions between fillers and polymers
When thermoplastic polymers contain fillers, some affect the thermal degrada-
tion behavior of polymers, in turn affecting flame retardancy. For example,
metal hydrate fillers release water during decomposition, which helps promote
the degradation of PA6 and PA66 (hydrolysis). PA with or without metal-bearing
hydrates can release H,0, CO, CO,, NH; and hydrocarbon during thermal decom-
position. However, there is considerable overlap within the thermal degradation
of PA6 and Mg(OH),. PA66 decomposes prior to Mg(OH),, and hence Mg(OH),
imposes better flame retardancy on PA6 than that on PA66 [4]. Another example
is ethylene-vinyl acetate copolymer (EVA) containing 30% vinyl acetate (VA)
with Mg(OH),, which shows the highest oxygen index reaching an LOI of 46%
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compared to 37% with AI(OH);. In flame-retarded EVA, Al(OH); has a delayed
water release, whereas Mg(OH), has an accelerated water release possibly due to
the formation of acetic acid during the reaction of Mg (OH), and EVA.

5. Filler conditions
Particle size and distribution and surface conditions of fillers can affect their
compatibility with polymers as well as their dispersion in polymers, ultimately
affecting flame retardancy properties.

5.3 Flame retardation mechanism of borates

Flame retardant effects of borates can be mainly attributed to the following: forma-
tion of glassy inorganic intumescent coatings; promotion of char formation; pre-
venting the escape of volatile combustibles; dehydration at high temperatures,
including heat absorption, foaming and diluting the combustibles.

Zinc borate hydrate (2Zn0-3B,05:3.5H,0), an important flame retardant and
smoke suppressor releases 13.5% of water and absorbs 503 J/g of heat at tempera-
ture ranging between 290 °C and 450 °C [5], which coincides with the decomposi-
tion temperature of polyvinyl chloride (PVC) and several other polymers. Zinc
borate also displays better thermal stability, and its dehydration temperature is sim-
ilar to the decomposition temperature of some engineering plastics. During pyroly-
sis of zinc borate, most of the zinc and boron remains in the char layer.

When zinc borate and halogenated flame retardants are used together, they can
perform flame retardancy in both the gas and condensed phase. Zinc borate reacts
with hydrogen halide produced by the decomposition of halogen-containing flame
retardant polymers or halogenated flame retardants to generate zinc and boron
compounds (5.1) [6].

27n0-3B,03 +12HClI 4 Zn(OH)Cl + ZnCl, + 3BCl; + 3HBO, + 4H,0 (5.1)

Non-volatile zinc and boron compounds accelerate char formation; volatile
boron halides and water vapor can dilute combustibles and lower the tempera-
ture by heat absorption. Zinc halides can catalyze crosslinking of some polymers.
For example, ZnCl, prior to its volatilization can catalyze polyethylene tere-
phthalate (PET) and polybutylene terephthalate (PBT) to crosslink and generate
char with high aromatic content (5.2). In addition, ZnCl, catalyzes PVC to cross-
link and eliminate HCl in the process. In addition, boron oxides produced by re-
actions of acids with zinc borate increase the stability of the char layer and
inhibit smoldering. Boron halides act as flame suppressants and can capture free
radicals as in the case of hydrogen halides. However, when zinc borate woks as
flame retardant for PVC, only a small amount of boron converts to volatile boron
halides.
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In a halogen-free system, anhydrous zinc borate helps improve the quality of
the char layer, and the flame retardation property of hydrate zinc borate mostly
arises from the dehydration mechanism. For instance, in the presence of alumi-
num hydroxide in flame retardant system, zine borate can form a porous ceramic
layer at 550 °C, which functions as a heat and mass transfer barrier. Moreover,
boron compounds can delay the oxidation of the graphite structure because
boron inactivates certain reaction sites that are important for oxidation on
graphite surfaces.

It has been reported [7] that on addition of zinc borate and red phospho-
rus into PA, both not only work as synergistic flame retardants but also im-
prove the corrosion resistance of the flame retardant system on some metals
(such as copper) because zinc borate can capture phosphine produced by red
phosphorus.

Recent research has pointed out that a mixture of a small amount of (approxi-
mately 10%) zinc borate and ATH (or MH) (approximately 90%) a mixture of melted
or sintered at about 700 °C. When used for EVA, this mixture can not only greatly
reduce the PHRR value but also delay the time of the second peak of HRR curve.
This indicates that the carbonization rate of flame retardant system can be in-
creased with the participation of th zinc borate.
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5.4 Flame retardation mechanism of red phosphorus

Red phosphorus is an extremely effective flame retardant which can be used for ox-
ygen-containing polymers such as polyamide (PA), polycarbonate (PC) and polyeth-
ylene terephthalate (PET). The flame retardation mechanism of red phosphorus is
similar to that of organic phosphorus flame retardants. The formation of phosphoric
acid not only covers the surface of the materials but also accelerates dehydration
charring and forms a char layer and liquid membrane on the surface, insulating ox-
ygen, volatile combustibles and heat from the internal polymer matrix, thus inhibit-
ing the combustion. Research has shown that phosphorus exposed to fire in PA is
oxidized into acid which can esterify PA, producing a char layer possibly coated by
polyphosphates. Because red phosphorus directly obtains oxygen from PA during
reaction, even if PA was heated in an inert atmosphere, it may still be oxidized. The
oxidized phosphorus substances are phosphates as confirmed by IR and NMR.
These phosphates are generated as a result of the reaction between PA6 fragments
and phosphoric acid generated during the oxidation of red phosphorus. Further in-
direct evidences of the effects of red phosphorus in the condensed phase include
the fact that the LOI curve resembles the nitric oxide curve. This demonstrates that
flame retardancy is not affected by the oxidizer but has an effect in the condensed
phase.

In addition, red phosphorus may also react with polymers or polymer frag-
ments in the condensed phase, thus reducing the formation of volatile combusti-
bles. Some phosphorus-containing mixtures may also participate in the gas-phase
reactions and exhibit flame retardancy. For example, there are several com-
pounds containing phosphorus (phosphorus trichloride and triphenyl phosphine
oxide), which are more effective in preventing burning of hydrogen-air mixture
than halogen. Table 5.1 compiles a list of possible flame retardation mechanisms
of red phosphorus in PET, polymethyl methacrylate (PMMA) and polyacrylonitrile
(PAN).

Table 5.1: Possible Flame Retardation Mechanisms of Red Phosphorus in PET, PMMA and PAN.

Flame retarded Condensed phase Gas phase

polymer

PET Slowing down PET pyrolysis and forming -
aromatic residues

PMMA Accelerating formation of cyclic anhydride -

HDPE Phosphors-containing acids as combustion Reducing concentration of
inhibitors free radicals

PAN Accelerating surface carbonization by Inhibiting combustion by PO

phosphorus-containing acids
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It seems that flame retardation mechanism and efficiency of red phosphorus is
relevant to the flame retarded polymers. For example, on addition of 8% red phos-
phorus in high-density polyethylene (HDPE), 6% (mass) of the material is lost at
400 °C in air, whereas for pure HDPE, 70% is lost under the same conditions. This
implies that red phosphorus can significantly enhance the thermal stability of
HDPE. In addition, red phosphorus in PET, the thermal decomposition products
contain phosphates and ester crosslinking forms on the surface of polymer, inhibit-
ing the formation of volatiles and pyrolysis products with low molecular weight, in-
creasing the rate of formation of polycyclic aromatic char layer and reducing the
release of smoke and toxic gases.

Red phosphorus can control the thermal decomposition of PAN. Phosphates
exist in the solid products of the thermal decomposition of flame-retarded PET by
phosphorus. P-O bonds with good thermal stability in PET form crosslinked ester
on the surface of the polymer. This can inhibit the formation of volatiles and pyroly-
sis products with low molecular weight, increasing the rate of generation of polycy-
clic aromatic charcoals [1].

5.5 Flame retardation mechanism of polysiloxane

Polysiloxane is usually associated with one or more synergistic agents as flame
retardants. These synergistic agents are organic metal salts (such as magnesium
stearate), mixture of ammonium polyphosphate (APP) and pentaerythritol, alu-
minum hydroxide and so on [10]. They can not only combing with substrate, but
also have synergistic effects with polysiloxane. This helps to increase metal infil-
tration of substrate with polysiloxane, and to promote formation of char layers,
further preventing smoke production and flame propagation [1].

Polysiloxane can be bound into a polymer substrate structure with a mecha-
nism similar to partially crosslinked by interpenetrating polymer network (IPN),
which can significantly inhibit the mobility of silicon additives, preventing the mi-
gration of additives to polymer surface.

In polyolefins with and without fillers, polysiloxane helps in the formation of
char layers. This can not only improve LOI but also reduce the speed of flame prop-
agation. The actual flame retardant effects of polysiloxane depend on the binding
conditions of polyolefin with flame retardants [1].

Further, the use of polysiloxane in case of PC is very successful, and the follow-
ing describe its characteristics and flame retardation mechanisms:

Silicon-containing compounds for PC are becoming prominent flame retard-
ants. These compounds have been emerging until the 1980s, and have exhibited ex-
cellent flame retardancy (low burning rate, low heat release, anti-dropping), good
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processability (high mobility) and satisfactory mechanical properties (particularly
low temperature impact strength), especially the environment friendly attributes of
low smoke and low CO production. Moreover, they have broad prospects for
development.

5.5.1 Features of silicon compounds PC

(1) For flame-retarded PC by organosilicon compounds (mainly polysiloxane
flame retardant), thermal deformation temperature is not affected and flame
retardancy is likely to reach UL94 V-0 (1.2 mm) or 5VA (2.5 mm) level. The
peak heat release rate and average heat release rate decrease considerably,
generating little smoke and poisonous corrosive gases.

(2) Silicon-oxygen groups in polymer backbone and organic silicone flame retar-
dant additives can improve moisture resistance and flexibility of materials,
and silicon-based flame retardant PC is known for its excellent impact
strength. In particular, the impact of low temperature is quite outstanding.
Other mechanical properties can also compete with bromine and phosphorus-
based flame retardant PC [11].

(3) Silicon in polymer can endow materials with resistance to oxygen free radi-
cals, and the materials used for spaceflight system, reducing degradation and
weight loss in low obit.

(4) Some PC flame retarded by organosilicon compounds can be reused by me-
chanical recycling. After recycling for three times, the mechanical proper-
ties, thermal deformation temperature and flame retardancy of PC remain
unchanged.

5.5.2 Flame retardation mechanism of organosilicon compounds in PC

In general, silicone-oxygen in PC function performs a flame retardation mechanism
of condensed phase, namely through generation of pyrolytic char layer and improv-
ing anti-oxygenation of the char layer [12].

Experiments show that combustion residue of side chain methyl phenyl silicone
is insoluble crosslinked compounds containing silicon, which is likely to be part of
the char layer on the surface of the material. Gas chromatography shows that when
compared with neat PCs, silicon-based PCs dehydrate and decarboxylase to a
greater extent. This may be caused by the isomerization reaction (5.3) [12], which
can accelerate the crosslinking and carbonization of PC. Crosslinking significantly
aids the flame retardation of PC.
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In addition, silicon-containing PCs are more susceptible to Fries rearrangement
(5.4) than neat PC [13], which also accelerates the crosslinking and carbonization of

PC.
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Furthermore, at high temperature PC-containing branched methyl phenyl siloxane
may react with silicone-containing phenyl, forming a branched structure containing
carbonyl (5.5). Its essence is silicon-containing groups attack hydroxyl generated by
Fries rearrangement of PC, forming silicon ether structure containing phenyl with
crosslinked carbonization.
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X-ray photoelectron microscope spectra show that, when PC containing siloxane
burns, siloxane migrates to the surface and quickly aggregates, forming a func-
tional gradient material with a polysiloxane-enriched layer [15, 16]. In addition,

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

140 — 5 Flame retardation mechanism of other flame retardants

an inorganic thermal insulation protective layer containing -Si-O- bond and (or)
-Si-C- bond can be formed, which are the typical structures of polysiloxane. This
layer can not only prevent the spillover of combustion products but also suppress
the thermal decomposition of polymers, providing effective flame retardancy, low
smoke and low toxicity. The abovementioned migration is due to the difference in
viscosity and solubility between siloxane and PC at high temperatures. If silicon-
based flame retardants have good compatibility, they can be uniformly dispersed
in the matrix resin. The flame-retarded PC remains in a molten state when burning
(about 800°). Because the viscosity of liquid silicone flame retardants is lower
than that of PC, phase separation is caused, and polysiloxane tends to migrate
and gather on the surface of the resin, forming homogeneous flame-retardant
char layer [12].

Flame-retardant effects of polysiloxane is related to the enrichment character-
istics on its surface, so the compatibility between polysiloxane and matrix resin,
and molecular structure of polysiloxane as well as its relative molecular weight are
very closely related to the properties of flame-retarded materials.

It is found in recent researches that flame retardant effects can be greatly im-
proved by gradually increasing concentration of flame retardant on surface of mold-
ing specimens. In accordance with the abovementioned method, with adding a
little polysiloxane in the plastics and made polysiloxane gather on the plastics sur-
face when burning, the best flame retardancy can be realized. X-ray photoelectron
spectroscopy (XPS) shows this is caused by the higher concentration of polysilox-
ane on the surface of molded specimens [12].

Compared with linear polysiloxane, branched chain meth phenyl polysiloxane
has higher thermal stability. This is because aryl in branched chain polysiloxane
can transform into silicon-containing polycyclic fused ring aromatic compounds
with very high flame retardant properties. In addition, the branched chain siloxane
can prevent zipper open chain depolymerization of PC.

However, some researchers believe that, because of silicon-based flame retard-
ants for PCs, linear polysiloxane may be better than the branched chain one. The
reason is that the aromatic unit and the branched chain structure in polysiloxane
have little impact in improving flame retardancy of PC. When PC is burning, linear
compounds have high mobility and can easily enrich on the surface of the materi-
als. Furthermore, linear polysiloxane can endow PC with higher impact strength
and does not affect the performance of the recycled flame-retarded PC. Addition-
ally, PC is not easy to hydrolyze and exhibits good processability. However, similar
to PC-containing branched chain compounds, PC may react with many ends of
branched polysiloxane chain and lead to crosslinking, making it difficult to recycle
flame-retarded PC. At the same time, too much branch chain is not conducive for
efficient processing of PC [11].

Compared with polysiloxane containing aliphatic compounds, polysiloxane
containing both aryl and aliphatic compounds is easier to dissolve and disperse in
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PC. Moreover, prevention of gelation helps it to well disperse in polymers and sub-
strates. But, in general, aromatic content in linear polysiloxane is not the most
important.

5.6 Flame retardation mechanism of sulfur-containing
PC compounds

Sulfur-containing compounds unusually used in flame retarded PC are sulfonate
and sulfonamide salts. Common structural formulas are shown below [17-20].

0 0 a 0 0
| | | |
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0 0 0
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Potassium sulfone benzophenone sulfonate (KSS), sodium trichlorophehyl sulfo-

nate (STB), potassium perfluorobutyl sulfonate (PPFBS), sodium polystyrene sulfo-

nate (SPSS), potassium trifluoromethyl sulfonamide (KTFMSA) and potassium bis

(trifluoromethylsulfonyl) amine (KBTFMSA).

The mechanism of sulfur compounds in flame-retarded PC is not very clear.
However, they possibly play a role in condensed phase as a result of accelerating
carbonization through crosslinking of PC. Some sulfur compounds (such as aro-
matic sulfonates) are good for isomerization and Fries rearrangement which im-
proves the flame retardancy of sulfur compounds in PC. A previously reported
experiment proved this and proposed the following arguments [21]:

(1) Sulfur compounds promote the isomerization of PC and release CO, and H,0,
which can dilute combustion products. More importantly, isomerization can
promote the crosslinking and carbonization of PC. However, the char yield of
pure PC and PC containing very small amounts of sulfonate is almost the same;
however, the carbonization rate differs.

(2) They can accelerate Fries rearrangement (5.4) as well as crosslinking and car-
bonization of PC.

(3) The flame retardancy in the gas phase is not important. Limiting oxygen index
measured in O, (OI) of flame-retarded PC by aromatic sulfonate and combustion

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

142 — 5 Flame retardation mechanism of other flame retardants

index measured in N,O atmosphere (NOI) show similar tendencies. The same is
shown even with halogen containing sulfonate [22].

(4) Sulfonates exhibit thermal decomposition between 300 °C and 500 °C, roughly
matching the decomposition temperature range of PC.

(5) According to thermocouple measurements, when PC-containing sulfonate
burns, the underlying material can maintain relatively low temperature for a
long time. However, under the same conditions, PC without sulfonate exhibits
relatively high increase in temperature in a short time. The insulating char
layer forms on the surface when PC with sulfonate burns. Apparently, this char
layer can effectively improve the flame retardancy.

(6) Mass spectrometry has shown that, when sulfonate is added to PC, the type of
degradation products of PC does not undergo any changes and no new species
are formed. However, the proportions of the products are different.

In general, sulfur compounds (including sulfonates, sulfonamide salts or a mixture
of them along with polysiloxane) have high flame retardant efficiency for PC; only
1% or less loading ratevolume can enable flame-retarded PC to achieve an LOI of
35%~40% and UL94 V-0 grade. Other properties of PC are almost the same as those
of the substrate. Sulfur compounds mainly act in the condensed phase (by promot-
ing carbonization through crosslinking of PC), and the flame retardant effects in
gas phase are insignificant.

5.7 Flame retardation mechanism of nitrogen compounds

Industrial nitrogen compounds used as flame retardants include melamine (MA)
and its salts (phosphates, cyanurates, borates, oxalates, phthalates, octamolyb-
dates, etc.). They act simultaneously in the condensed and gas phase. MA and its
salts act as flame retardants compared with X-Sb system, organophosphorus com-
pounds and metal hydrates, as shown in Table 5.2 [23].
1. Endotherm
Sublimation, volatilization, evaporation and decomposition of MA and its
salts are endothermic reactions. For example, the heat absorbed during endo-
thermic vaporization of MA is 120 kJ/mol, and heat absorbed in MA decompo-
sition at temperatures ranging between 250 °C and 450 °C is approximately
2000 kJ/mol. MCA absorbs considerable heat when it decomposes into MA
and melamine, along with pyrophosphate of MA (DMPY) when it decomposes
at temperatures over 250 °C. This clearly reduces the temperature required for
combustion.
2. Generation of inert gases
During the decomposition of MA and its salts, MA vapor, water vapor, N,, CO,,
NH; and other gaseous products are generated, which not only dilute the
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Table 5.2: Main Approaches of Some Flame-Retardant Systems.

Flame-retardant MA and its X-Sb system Organophosphorus Metal
system salts compounds hydrates
Flame-retardant
method
Trapping active free radicals v v \%
Interfering with degradation of v v v
polymers
Absorption of heat \% v
Promoting carbonization v \'%
Forming an intumescent barrier v y
layer
Generating inert gases ' v v
Transferring heat by molten drop Vv

concentration of combustible gases and oxygen during combustion but also act
as a cover (blanket effect).

3. Promotion of carbonization
Some MA salts form polycondensate with crosslinking structures when decom-
posed under high temperature with a high char yield [23, 24]. For example, the
char yield of MA phosphate (MP) in air at 700 °C is 30%, melamine polyphos-
phate (MPP) is 40% and DMPY is 50%. MA and its salts in polymers can affect
polymer degradation, affect melting behavior and accelerate carbonization. The
char generated at high temperature from plastics flame retarded with MA and/
or its salts can withstand thermal oxidation, acting as a good protective layer.
In general, for plastics containing MA and its derivatives, there is a quantitative
relation between char yield and flame retardancy (such as LOI). The higher the
char yield, the better the flame retardancy [25].

4. Formation of an intumescent layer
As mentioned above, MA and its salts are an important part of intumescent
flame retardant (IFR) and are usually compounded with other components to
form IFR. When plastics containing IFR are heated or burned, the synergistic
effects of triple source form a barrier, hindering mass and heat transfer, effec-
tively improving the flame retardancy.

5. Molten drops and heat transfer
Some plastics with MA salts can produce molten drops during combustion; the
heat is moved quickly from the combustion area and the burning state cannot
be maintained, For example, oxalate or phthalate of MA is used as flame retar-
dant for PA6, and only 3%~5% of loading imparts an LOI of 35% to flame-re-
tarded PA (the measured LOI of neat PA under the same conditions is 24%).
This is due to contribution from molten drops and heat transfer.
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6. Capturing active free radicals
Some decomposition products of MA and its salts can also capture active free
radicals in the gas phase. In addition, collision of active free radicals with an
intumescent char layer results in inactive molecules.

5.8 Influences of inorganic flame retardant’s surface properties
and conditions on flame retardancy

This problem has been addressed in a previous article [26].

Some organic additive flame retardants in plastics (for example, a halogen-
containing phosphate in flexible polyurethane foam and brominated epoxy oligomers
in high impact polystyrene) are soluble in polymers to a certain extent. However, some
inorganic flame retardants are insoluble in polymer substrates, such as alumina trihy-
drate (ATH), magnesium hydroxide (MH), zinc borate (ZB) and antimony trioxide
(ATO). These flame retardants are considered organophobic, and the interface (or with-
out interface) between them and the polymer is extremely complex. The incompatibil-
ity between the abovementioned flame retardants and polymers leads to a series of
problems, including water leaching, swelling, poor dispersion, deteriorating mechani-
cal properties (such as tensile strength and elongation) of flame-retarded polymers.
The abovementioned problems can be resolved if the surface is treated using organic
flame retardants using silane, titanate or stearic acid. It is well known that to obtain
materials with excellent cost performance, surface modification of the inorganic flame
retardants is more economical and efficient. Accordingly, it is necessary to know the
surface conditions of inorganic flame retardants. This section is divided into two parts
— the surface properties of inorganic flame retardants and the impact of surface condi-
tions of inorganic flame retardants to flame retardant efficiency.

5.8.1 Surface properties

The surface of newly precipitated samples is quite ordered for crystalline inorganic
flame retardants, and whole crystals also have an ordered structure to a certain ex-
tent. We often pulverize the crystals if the particle size is too large. The surface of
the pulverized particles may be quite disorderly, in which changes the chemical
properties on its surfaces. High temperature is produced for non-elastic materials.
Cracks are often formed in particles during pulverization, and some cracks can be
penetrated by gas, excluding large polymer molecules. Nonetheless, some cracks
can be penetrated by polymer molecules. Therefore, for non-elastic materials, the
surface of pulverized particles and the ordered surface of newly precipitated par-
ticles are often different. Of course, in some cases, pulverization does not change
the surface conditions of particles.
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After pulverization, the particle surfaces are divided into three types:
(1) It has the same surface with initial precipitated particles, i.e., the surface of
the original particles is not damaged during pulverization.
(2) It has a surface with cracks that can be penetrated by polymer molecules.
(3) It has a surface with cracks that cannot be penetrated by polymer molecules,
but can be penetrated by small molecules.

The surfaces of most so-called “dry” particles and objects exposed to air are not
clean and dry, and instead they adsorb water and other substances (such as volatile
organic compounds). Organic compounds adsorbed on the surface of additives are
usually ignored because the structures of these organic compounds are generally
complex and their quantity is small and difficult to analyze. Furthermore, most are
removed in the process of mixing. The adsorbed water is not a problem for most
flame retardants because small amounts of water combined loosely with flame re-
tardants are usually removed during the process of mixing. However, some flame
retardants must be dried before use. The compounders usually allow additives to
contain a small amount of loose water but not a relatively large one. The water con-
tent should remain constant. It is one of the main reasons that MH should be cov-
ered by a hydrophobic surface before selling. Otherwise, the carbonate formed by
the adsorbed water and CO, on MH surface will absorb more water, deteriorating
the surface properties.

Impurities in particles usually exit from the surface of particles, and sometimes,
the concentration of such impurities on the surface is even higher than the internal
concentration. For some additives, the impurities are fixed in particles, whereas for
others impurities migrate inside. For example, for MH, both the inside and the sur-
face may contain chlorides. The chlorides on the surface can be removed by wash-
ing with water, while the ones inside migrate to the surface. However, for ATH,
there are fixed and soluble sodium-containing impurities both on the inside and on
the surface. In general, the former is approximately 0.1% whereas the latter is less
than 0.01%. If we clear the soluble alkali of ATH, the fixed alkali does not migrate
to the surface. In fact, the fixed alkali in ATH is a part of the crystal structure; even
if it is not, the alkali does not migrate to the surface and may concentrate on inter-
face of the crystal; however, because the size of ATH is generally small, most of the
crystal interfaces exist inside rather than on the surface.

In addition, the elemental composition of the surface can be different from that
of the inside, and does not conform to the theoretically calculated values. Further-
more, heat treatment may change the elemental composition of the surface.

Table 5.3 [26] is based on the surface elemental composition (atomic ratio) of
ATH, ZS (zinc stannate), ZB (2Zn0-3B,05-3.5H,0) measured using XPS; the values in
parentheses are the theoretical values.

Errors exist between the surface elemental composition of the three flame re-
tardants and the theoretical values listed in Table 5.3. Consider ZS as an example,

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

146 —— 5 Flame retardation mechanism of other flame retardants

Table 5.3: Surface Elemental Composition of ATH, ZS and ZB (Excluding C and H) [26].

Additive Al 0 Sn Zn B
ATH 33.0(25.0) 67.0(75.0)

ZS 55.9(60.0) 32.4(20.0) 11.7(20.0)

ZB467 60.1(64.4) 6.9(8.9) 32.9(26.7)

at least on a surface 10 mm long, Zn content is different from the theoretical value.
There is no zinc on ZS surface as measured by static secondary ion mass spectrome-
try (SSIMS). Oxygen content on ATH surface is lower than the theoretical value
whereas aluminum content is higher. This is probably because in the process of
pulverization a portion of hydroxyl on ATH surface is converted into oxygen and
water. Aluminum content in ATH is expected to be 40% whereas the oxygen con-
tent should be 60% if hydroxyls are fully converted. Oxygen and aluminum content
on the surface of newly precipitated ATH particles measured by XPS correspond to
the theoretical values shown in Table 5.3. On the surface, zinc content of ZS and ZB
shown in Table 5.3 does not match the theoretical values. This may be caused by
variables in the process of production and processing (such as pH value of produc-
tion liquid, washing method, drying temperature, and so on.).

5.8.2 Influence of surface conditions on flame retardancy

Because of contact with fire, the surface of flame retardant changes first. Regarding
the additives acting in the condensed or gas phase, the surface impact and influ-
ence vary. For high-loading and low-loading formulations, because of the different
total superficial area of flame retardants, the surface impacts of the former are obvi-
ously higher than those of the latter.

Influence of specific surface area on flame retardancy
The granularity or the specific surface area of flame retardant plays an important role
in the efficiency of flame retardancy (for void-free solid, the granularity is inversely
proportional to the specific surface area), which is directly or indirectly related to the
specific surface area.

For example, the fine ATH with larger specific surface area can be directly
decomposed into Al,O5 under 250 °C in a one-step reaction (5.6) [26]:

2A1(0H), — ALO; +3H,0 (5.6)

Reaction (5.6) is endothermic and benefits flame retardancy. However, for the
coarse grain (grain size >50 um) ATH with smaller specific surface area, the
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increasing hydrostatic pressure in particles contributes to the following two step
reaction (5.7) and (5.8) [26]:

Al(OH), — AIOOH + H,0 (5.7)
The second step under 500 °C converts AIOOH into Al,O5 (5.8) [26]:

The flame retardant efficiency decreases because of the two-step reaction when
coarse grain ATH is heated. In some flame retardant tests, the highest temperature
that can be withstood by materials is below 500 °C, therefore, the second-step reac-
tion (5.8) is suspended. This phenomenon is first caused by the particle size, and is
also indirectly related to the specific surface area. When coarse grain ATH is decom-
posed, the hydrostatic pressure is the function of the distance through which water
molecules released by ATH move on the surface.

In addition, the particle surface may adsorb some components of flame-retardant
systems, which can interfere with the activity of these components. Antioxidant is
one of these substances. Antioxidant content in some systems can greatly affect the
results of some flame-retardant tests. If a majority of antioxidants are adsorbed by
additives surface, the effects of antioxidants will be reduced.

Furthermore, when using the same amount of additives, increasing specific sur-
face area can enhance viscosity of the system, deteriorating dispersion of flame re-
tardants. The area with high flame retardant concentration may show better test
results, and with lower flame retardant concentration test results will be poor.

The effect of specific surface area to flame retardant efficiency may be related
to the reactions of radical reactive groups on the surface. ATH does not exert parti-
cle effects (surface effects) to the flame retardancy and it usually affect ignition
time instead of flame propagation and other parameters. This is in consistent with
the following experimental results: the surface can effectively terminate and hinder
some free radical reactions before ignition, delaying the ignition time.

Table 5.4 [26] shows the performance of flame-retarded PP with MH covered
with stearate (flame retardant loading of 60%); one MH particle is optimized while
the other is not. Obviously, the overall performance of the former (particularly
flame retardancy) is far superior to that of the latter.

Influence of surface element composition on flame retardancy

ZS is a product heated by zinc stannate hydrate (ZHS). The flame retardant effi-
ciency and the smoke suppression of intermediates obtained by long-term heating
of ZHS at low temperature are much better than those of ZS or ZHS. A mixture of ZS
and ZHS does not give satisfactory results, which is possibly due to the different
surface elemental composition of the product (the surface is rich in zinc) obtained
by slow heating.

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



148 =— 5 Flame retardation mechanism of other flame retardants

Table 5.4: Properties of PP Containing 60% MH (stearate covered).

Performance Non-optimized Optimized
grain size grain size
LOI/% 25 28
Flame retardant efficiency, UL94 (3.2 mm) No pass V-0
MFI (2.16 kg, 230°C) /g-(10 min™?) 5 15
Tensile strength / MPa 12.0 12.5
Flexural strength / MPa 29.0 26.0
Flexural modulus / GPa 3.30 2.40
Maximum impact energy /| 0.8 3.6
Maximum impact deformation / mm 5.7 11.4
Maximum impact force / N 200 520

Table 5.5 [26] is the surface elemental composition of ZHS (values in parenthe-
ses are theoretical), both baked (heating at lower temperature) and unbaked ZHS.
Table 5.6 [26] shows the flame retardant parameters of unbaked ZHS, baked ZHS
and ZS acting as the flame retardant on soft PVC.

Table 5.5: Surface Elemental composition (atomic ratio) of baked and unbaked ZHS [26].

Additive o Sn Zn
Unbaked ZHS 66.6(75.0) 25.9(12.5) 7.5(12.5)
Baked ZHS 59.0 28.5 12.6
ZS 55.9(60.0) 32.4(20.0) 11.7(20.0)

Table 5.6: Flame Retardant Parameters of Flame-Retarded Flexible PVC Measured by Cone
Calorimeter (heat flow 40 kW-m™2) [26].

Flame retardant Unbaked ZHS Baked ZHS FA)
Ignition time / s 84 86 75
PHRR / kW-m? 87 78 122
Total smoke production 800 635 1089
Average specific extinction 229 157 297

area / m%kg™?

The formulation of flexible PVC in Table 5.6 is: PVC (DS7060) 195, DOP 81, ESO 10,
ATH 75, brucite 72, clay 75, stabilizer (Irgastabl 17M) 10, and ZHS (or ZS or baked
ZHS) 29.
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Table 5.6 highlights that compared with unbaked ZHS and ZS, the flexible PVC
containing baked ZHS shows the longest ignition time and that PHRR is decreased
by 10% and 36%, respectively. The total smoke production reduces by 20% and
42%, and the average specific extinction area reduces by 31% and 47%,
respectively.

5.9 Solubility and mobility of additives in polymers

As for this subject, there is a detailed and systematic statement in literature [27].

After adding additives into substrates (typically polymers) additives, chemical
and physical properties of polymers during processing and application should not
change, and the loss from the substrates should be as little as possible. People al-
ways pay attention to chemical losses, but do not have a sufficient realization of
physical losses (such as blooming of flame-retarded plastics). In general, from the
perspective of plastics, the physical losses of additives are related to the solubility
and mobility of additives in polymers. The inherent solubility of additives in poly-
mers decreases (the concentration is lower when reaching equilibrium) and the mi-
gration speed increases. Moreover, additives cannot be effectively retained in
polymers causing large physical damage.

5.9.1 Solubility

The solubility of additives in polymers is one of the most important characteristics
that control the physical state of plastics. Most polymer additives are in a phase-
separated state, seldom existing in homogeneous solution state. One of the most
effective factors for physical losses of additives is solubility in polymers at process-
ing and application temperatures. Because additives are solids or liquids, they are
usually small molecules; however, many recent additives are oligomers or even pol-
ymers. In fact, solubilization additives in polymers are mostly small organic mole-
cules in polymer macromolecules. The molar volume of additives is generally much
larger than that of crystalline polymer units, and additives cannot enter into crystal
polymers. Moreover, they can only dissolve in amorphous polymers [28], and their
solubility depends on the interactions and the physical state of both additives and
polymers.

Several methods are available to estimate the solubility of additives in polymers
such as gas chromatography [29], turbidity method [30], balanced method and ex-
trapolation method [31]. The balance method is adopted in most cases. This method
includes stacking up several layers of polymer films separated by additives, and
then determining the amount of dissolved additives in an appropriate manner after
equilibrium is achieved.
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As mentioned above, additives can only dissolve in the amorphous phase of
polymers, hence, solubility is inversely proportional to the degree of crystallinity of
polymers. At least this is the case when solubility is low. In addition, the solubility
of additives in certain polymers is obviously related to chemical structure, heat
treatment parameters and density and states of polymers [32].

The solubility of low molecular weight additives in polymers is usually higher
than that of high molecular weight additives; decreasing the melting point of addi-
tives can increase the solubility. In addition, the solubility of additives increases
rapidly with temperature. In general, it is much easier for additives to mix with pol-
ymers when temperatures increase, even if they are insoluble at room temperature.

Higher solubility can be achieved when amorphous additives dissolve in amor-
phous polymers. They may also be miscible even at room temperature, and nearly
all additives can enter into rubber phase at the processing temperature.

Some additives can be miscible with the commonly used thermoplastic polymers
at the processing temperature. If additives can dissolve in molten polymers, they can
be uniformly dispersed in substrates after efficient processing; however their solubil-
ity will decrease after they cool down. When the temperature reaches the melting
point of polymers, polymers can crystallize. This makes 30%-60% of the polymers
no longer serve as the solvent, and exclusion from the crystalline region of the addi-
tives increase the concentration of additives in the amorphous phase. At melting
point of additives, their solubility in polymers decreases faster than the temperature,
resulting in relatively low solubility of additives at room temperature.

In fact, in general, additives cannot achieve equilibrium with polymers. The
usually required amount of additives is introduced in plastics at a high processing
temperature. During this processing, the system of additives/polymers is first
heated to a higher temperature and then rapidly cooled to room temperature. In
this process, the following situations may occur [27]:

1. Additives can not only dissolve in high temperature but can also be soluble in
solid polymers at room temperature. If the concentration of additives does not
exceed the equilibrium solubility in the amorphous phase at room temperature,
they will be completely dissolved in the polymer solids. While processing plas-
tics, the additives are in a homogeneous solution and uniformly dispersed in
the solute in the amorphous phase at room temperature. At this point, no driv-
ing force helps in migrating the additives to the surface of the polymers unless
concentration gradient is achieved through surface evaporation or leaching.
This condition is the most ideal but cannot always be achieved.

2. Although additives are dissolved in molten polymers at high temperature, they
become insoluble when temperature decreases. It is known that a solute can be
dissolved in a hot solvent in the equilibrium of single solution, whereas it be-
comes saturated during the cooling process, leading to solute sedimentation
when temperature decreases. The same phenomenon is observed in the solu-
tion of additives in molten polymers at high temperature.
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That is, when temperature reduces, additives may settle, forming fine par-
ticles uniformly dispersed in the substrate.

The viscosity of semi-crystalline polymers typically becomes very high
below the melting point of the polymers; additives may not be settled in this
scenario but may be dispersed in polymers with a semi-stable state, while also
being dispersed on the polymer surface.

3. If the additives have certain solubility in polymers and their concentration in
polymers melt is higher than the saturation concentration at room temperature,
then most additives disperse in the system in the form of solid particles because
additives are dissolved in a balance system at low concentration during cool-
ing. If the free energy of additive particles in polymers is the same as pure addi-
tives, the additive particles do not migrate to the polymer surface because of a
lack of driving force, unless evaporation or solvent extraction through the sur-
face of the additives generates a concentration gradient.

At times, the loading of additives is increased when plastics exhibit poor perfor-
mance on application or testing; however, this results in a supersaturated state of
additives in polymers at room temperature, even if additives are completely soluble
during processing. Such semi-stable conditions result in diffusion of additives to
the surface of polymers and deposition on the surface, which is much easier than
deposition inside the polymers. This deposition is termed “frosting.” Frosting not
only damages the additives but also influences the appearance of products.

5.9.2 Diffusion migration

Literature [27] has summarized the diffusion of additives in polymers. The diffusion
coefficient of additives in polymers is the key to control the physical loss rate as it
relates to the degree of the precipitation and evaporation losses of additives from
polymers.

Diffusion is the process of migration of materials along a concentration gradient.
The migration flux dm/dt of each molecule in an isotropic medium can be expressed
by Fick’s first law, see formula (5.9) [27].

dm dc
Friie D at (5.9
D represents the diffusion coefficient of diffusion materials.
Fick’s second law shows energy transfer in x-direction, see formula (5.10) [27].

dc D d%c
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Without considering the volatilization of additives, the known diffusion coefficient
can estimate the physical losses of additives.

If the additive concentration in the polymer is low, the diffusion coefficient is
independent of the additive concentration . However, at higher concentrations, the
diffusion coefficient is related to the concentration of the additive and sometimes
no longer follows Fick’s law at times. Moreover, when additives migrate slowly, the
situation becomes more complex.

Because diffusion is a dynamic process and is more complex than solubility, it
is affected by several factors.

Impact of polymer morphology

Most measured diffusion coefficients include large error as the diffusion rate is a
complex function of polymer morphology. Although the additives are dissolved in
amorphous phase polymers and not crystallization phase polymers, crystallization
distorts the migration channels in polymers, decreasing the molecular mobility of
amorphous polymers. The crystalline region in polymers is equivalent to a barrier
layer that through which diffusion cannot occur. Filler particles play the same role,
adding filler particles to polymers can slow down diffusion.

In case of polymer films, additives always diffuse slower on the film plane than
on the direction perpendicular to the film plane. This may be because anisotropy
exists in a direction vertical to the film to some extent [32].

The orientation of polymers has a significant effect on the diffusion rate of addi-
tives, which may cause anisotropy. For example, when additives are diffusing in
polymers, the diffusion rate is slower on the direction parallel to orientation than
the direction vertical to orientation [32].

Influence of temperature
Diffusion is a thermal acceleration process. The diffusion coefficient can be ex-
pressed by the Arrhenius equation, see formula (5.11) [27]

Ep
D=D - — 5.11
0 exp( RT) (5.11)
Ep is the diffusion activation energy, which increases with the increase in molecular
weight.

However, the applicability of formula (5.11) is limited in diffusion. The Arrhe-
nius diagram usually bends at a wide range of temperature.

Influence of polymer types
The diffusion of common additives is termed molecular mobility, which requires
interaction between polymers and diffusion materials. Therefore, the diffusion of
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additives in plastics depends on the relationship between the molecular volume
of additives and the free volume of polymers, as well as the thermodynamic inter-
action between the two. In other words, the diffusion of additive molecules de-
pends on whether the molecules can obtain sufficient energy to transit to polymer
free volume and adjacent vacancy, as well as the minimum aperture needed for
additives to transit to adjacent holes in the polymer.

At a given temperature, diffusion in polymers with lower glass transition tem-
perature is faster. Considering the effects of crystallinity, additives diffuse much
faster in rubber than in semi-crystalline polyolefin. This implies that additives are
lost through leaching or blooming.

The effect of the polarity of the polymer on diffusion is usually hard to predict.
However, the diffusion rate of some additives is much slower in polymers with high
polarity than those with low polarity.

Influence of molecular mass

The diffusion of additives in polymers decreases with increasing molecular
weight. The relationship between diffusion coefficient (D) and additive molecular
weight (M) can be expressed as D = KM “; the index o is usually between 1.5 and
2.5 [27]. Therefore, D reduces significantly with the increase in M. Hence, using
oligomer additives has become a very effective approach to reduce migration.

5.9.3 Losses of additives

If the concentration of additives in polymers is lower than the saturation concentra-
tion and if the materials are exposed to air, additives suffer losses owing to evapo-
ration from the surface. However, if additives in polymers are oversaturated or
materials are exposed to solvents, additives suffer losses through surface separation
or leaching.

Surface escape
A concentration gradient caused by surface escape results in the diffusion of addi-
tives along the direction of concentration gradient, namely, diffusion from the in-
side to the surface. During the application of materials, additives always volatilize
[33, 34]. The abovementioned losses include diffusion and volatilization. The escape
rate of additives from the surface is proportional to the vapor pressure on the sur-
face, whereas the migration rate of additives is controlled by the diffusion coeffi-
cient (D).

The time of consuming a certain amount of additives in polymers depends on
its solubility, diffusivity and diffusion coefficient, as well as the shape and size of
samples. With fast volatilization and slow diffusion, losses are controlled by
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diffusion; whereas with slow volatilization and fast diffusion, losses are controlled
by volatilization.

Leach and effusion of solvent

The vapor pressure of most common additives is generally very low. Therefore, air
is a poor solvent for additives, whereas almost all organic liquids are good solvents,
i.e., water is better than air. Hence, when polymers with additives are exposed to
liquids which act as their solvents, they enter into the solvent from the polymer sur-
face and are lost. This rate is much higher than that in air [35].

The process of leaching additives into good solvents is controlled by diffusion.
However, if solvents cannot dissolve additives well without enough stirring, the sit-
uation becomes more complex. Because the viscosity of liquids is much higher than
that of air and the interface between liquids and polymers is much thicker than that
between air and polymers, additives diffuse slowly in liquids. If the solubility of ad-
ditives is poor in liquid, their diffusion loss will also be much smaller than that esti-
mated from the diffusion coefficient, and the loss amount is governed by the
diffusion rate. On the contrary, if the liquid is a good solvent of the additives that
can penetrate into the polymers, which can lead to increase in diffusion coefficient,
it will accelerate losses. Sometimes, the penetration rate of liquids into polymers
can be the key element controlling the loss rate of additives.

If the surface of the polymers can form crystallization nucleus without any limi-
tations, then the oversaturated additives will soon separate. Moreover, precipitation
rate is controlled by diffusion. As long as polymer additives achieve saturation con-
centration, volatilization will turn into effusion, even though diffusion remains a
rate-determining step.

Approaches of additive losses

Some insoluble-phase separation particle additives migrate slowly in materials with
a low loss rate. For polymeric or oligomeric additives, either uniphase or homoge-
neous phase, as long as they have sufficient chemical stability, their migration loss
rate will be quite slow. However, the loss of some additives is quite serious. For
such additives, the best way to reduce volatilization losses, blooming or effusion to
the minimum is through molecular design. Good additives should be soluble in pol-
ymers without precipitation or volatilization on the surface of the polymers.

The relationship between the loss mechanism or loss rate and additive’s structure
is an attractive topic, and published literature [36] has highlighted this case. Oligo-
meric structure can remarkably reduce additive volatilization, and the diffusion coef-
ficient is slightly reduced while the loss mechanism remains unchanged. However,
the solubility of oligomers in polymers descends, which does not help in reducing
additive losses. However, making additives oligomeric is still an effective way to re-
duce the losses caused by volatilization or bloom. Introducing long alkyl chains into
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small molecules can also reduce the volatilization of chemical compounds, which
can get stronger with increasing solubility. However, alkyl groups have little influ-
ence on diffusion coefficient. This approach is also good to reduce the volatilization
loss of additives, but cannot improve blooming and effusion to a great extent.

Another essential way to reduce or eliminate additive losses is through forma-
tion of covalent bonds between additives and polymers, thus incorporating addi-
tives in the structure of the polymers. Although the technology of copolymerizing
additives and polymer monomers during polymerization is popular, it undergoes
different synthesis methods, and hence its practical application is limited. Better
technologies have now been developed to chemically bond additives into polymers
during the processing of polymers, namely reactive extrusion.

Solubility and diffusion coefficient of polymer additives are the key elements that
influence the physical losses of these additives (such as blooming). The solubility and
migration of polymer additives are associated with their molecule structure, shape, as
well as the interaction between them and a series of other factors. Application of olig-
omeric and polymeric additives or reactive additives is an effective approach to reduce
or eliminate the physical losses of polymer additives.
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6 Flame retardation mechanism of polymer,
inorganic nanocomposite materials

6.1 Introduction

Numerous published studies have reported that polymer/inorganic nanocomposite
materials (PIN) may become future flame-retardant materials [1, 2]. Although the
exact configuration of PIN is still unclear (including the chemical configuration,
nanoparticles, and so on), along with the degree of centralization of nanomaterials
in polymers, it is certain that nanofillers perform better than most current fire re-
tardants, specifically in terms of improving the physical performance of the poly-
mer substrate. Of course, before producing satisfactory flame-retardant PIN, more
research is needed, especially regarding the mechanism of flame retardants for this
type of materials.

The flame retardation mechanism of polymers and inorganic nanocomposites
has been researched considerably in recent years, and a summary of the studies
can be found in the literature [1-6].

PIN have great potential of flame retardance, however, some of their physical at-
tributes, such as the extremely high viscosity of modulus, makes mass production by
conventional plastic extruder difficult. Adding nanofillers into polymers results in a
series of physical effects, including the formation of a barrier adhesive layer, reduc-
tion of compatibility, migration of additives to the surface and suppression of bub-
bles in the molten polymer to reduce the flow rate. In addition, chemical properties
changes can also be noted, including catalytic polymer decomposition, promoting
graphitization of polymer, changing the approach and behavior of decomposition of
polymers.

For improving the flame retardancy of PIN, such as extending the time to igni-
tion (TTI) and reducing the peak heat release rate (PHRR), good dispersion of nano-
fillers in the polymer is a prerequisite (with exceptions), and it is critical that the
particles in the polymer are decentralized at the ignition temperature rather than
room temperature. Because the compatibilizer may be decomposed at high temper-
ature and deteriorate the dispersion of nanomaterials in polymers. Moreover, The
dispersion of the nanoparticles may also change in the partially decomposed poly-
mer at the ignition temperature. Therefore, even if nanofillers are well dispersed at
room temperature, it does not necessarily improve flame retardancy.

To produce well dispersed PIN, we need to use bulking agents (such as a sur-
face modified agent) to polarize the surface of the nanofiller and insert it into the
polymer chain. Comparing the ion-type polymer (such as PA) and hydrophobic-type
crystalline polymer (such as PP), nanofillers are more likely to be dispersed in the
former than the latter. Sometimes, we must stem graft the polymer chain (such as
grafting the malay coli in the PP chain) to ensure good dispersion of the nanofiller.

https://doi.org/10.1515/9783110349351-006
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As discussed before, the flame retardation mechanism of PIN depends largely on
the dispersibility of the nanofiller in the melting and foaming polymer. Under sev-
eral circumstances, the surface modified agent is easy to decompose, leaving be-
hind the nanofiller. Simultaneously, incompatibility of the system which results in
the nanofiller migrating to the surface of the polymer is a problem which needs at-
tention. If the nanofiller is not well dispersed in the polymer, it does not have flame
retardant properties.

The inorganic nanofillers that can be used in PIN include [3, 5]: (1) clayb [lay-
ered silicate (LS), such as montmorillonoid (MMT)]; (2) carbonic acid nanotubes
(CNT) including single-layer and multilayer nanotubes (SWNT, MWNT); (3) layered
double hydroxyl compounds (LDH); (4) flake (graphite) oxide (LG, LOG); (5) metal
(metal oxide); (6) polyhedral oligomeric silsesquioxane (POSS).

Nanofillers play the following roles in flame retardants [4]: (1) greatly decrease
the PHRR (50%~70%) and the mass loss rate (MLR) (40%~60%); (2) strengthen the
mass transfer along the heat transfer barrier layer of the organic char; (3) provide
the catalyst surface and facilitate char agglutination; (4) improve the polymer mem-
brane structure; (5) improve the polymer ignition temperature near the end of the
melting performance; (6) enable the flame retardant to come in close contact with
the polymer substrate.

It should be mentioned here that different inorganic nanofillers may have dif-
ferent flame retardancy in different polymers. For example, in the case of PE, PS or
EVA polymers that contain MMT, when MMT disperses well and PIN degrades, the
relative quantities and types of the released products of cationic modifying MMT
and anionic modifying MMT are different. Whereas under the same circumstances,
when we change the filler to CNT, irrespective of the dispersion, the degradation
products of PIN do not change. In addition, when nanofillers disperse negatively,
PIN degradation products remain the same in all cases. It is significant to note that,
when LDH is the filler, whether well decentralized or not, the HRR of PIN decreases
significantly [7]. This shows that, on varying MMT, CNT and LDH as nanofillers of
PIN, the flame retardation mechanism also changes.

6.2 The flame retardation mechanism of the nanocomposite
materials of polymer/montmorillonite (layered silicate)

It has been 25 years since 1986 when Toyota produced the first polymer MMT nano-
composite material (PMN), the PA6/MMT nanocomposite material [8]. However, it
was not until 1997 that Americans including Gilman researched PMN flame retar-
dant systems, and published a detailed study on PA6/MMT flame retardants [9].
The flame retardation mechanism of PMN is still not fully understood. In recent
years, both in books and periodicals, industry experts have made a number of
points regarding the flame retardation mechanism of PMN in line with the
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experimental results, especially the experimental results from cone calorimeter
measurements. The following text will describe and discuss some latest research
progress made in the mechanism of flame retardancy of PIN.

6.2.1 The charring and char layer structure of PMN

When PIN is combusting or being heated, the internal MMT particles undergo ther-
mal cracking, and a multilayered char-silicate layer forms on the polymer surface;
this layer can be used as an excellent insulation and a barrier to enhance the mate-
rials’ flame retardant capability, as well as reduce the overflow of volatile gases
that occurs during thermal decomposition. In addition, the thermal conductivity of
heat-resistant silicate layer is low, which can protect the material from self-regu-
lated heat transfer.

Experiments prove that, when 2% and 6% of PA6/MMT burns, a black floccu-
lent residue is formed which migrates to the surface of the material and forms a pro-
tective layer. The residue consists of 80% of MMT and 20% of thermally stable
graphite. During the combustion and gasification of PMN, the polymer on the sur-
face of MMT fragmentizes and the exposed MMT is dashed to the surface of the ma-
terial by the rising bubbles, which only forms a separation layer which is foamy in
appearance and not a dense char layer; this results in a foamy layer that cannot
function like flame retardants.

High-performance char-silicate layer structure can be studied by scanning elec-
tron microscope (SEM), transmission electron microscope (TEM) and X-ray diffrac-
tion (XRD). With the combustion of the silicate layer, PE/MMT is formed in the
nanocomposite, which has the structure of MMT at the micro level but not at the
macro level. This displays a spongy structure, with the latter reassembling a foamy
structure when the expansion-type flame retardant polymer material is burning.
For some non-char-forming polymers, such as PE, PP and EVA, char-containing sili-
cate layers generated during the combustion of PMN contains 95% of char silicate
layers and 5% of char (the thermogravimetric analysis, TGA, measured in the air);
however, the small amount of carbon present is quite important to the flame retar-
dation mechanism because it can condense the silicate to form a graphite/clay
layer [11, 12].

The ideal structure of the surface protection layer formed during the combus-
tion of PMN (containing MMT particles and char) should be netted with sufficient
physical strength, which cannot be damaged or disturbed by increasing bubbles.
During the entire combustion time, the protective layer should remain intact. The
shocks of the bubbles generated during the combustion of PMN makes MMT par-
ticles move away from the areas shocked by bubbles, forming an “island” with a
foamy appearance; there is no longer a complete solid protective char layer on the
PMN surface, which considerably reduces flame retardancy. Factors affecting the
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PMN surface include the initial MMT content, the characteristics of the formed char
layer, the melt viscosity of PMN, the diameter to length ratio of MMT, etc. [10].

6.2.2 The char mechanism based on chemical reactions

With polymer cracking, the formation of the char layer is a complex process which
includes several steps, such as the formation of double bonds, circularization and
aromatization, fusing of the aromatic ring, formation of turbulence char and the for-
mation of graphite [13]. Oxidation of organic molecules has been proposed as the
key reaction mechanism [14], with opinions that there are two competing reactions.
First, at low temperatures, carbon dioxide is the mechanism of free radical chain
reaction, mainly resulting in hydrogen peroxide and oxide. Second, at high temper-
atures, the hydrogen extraction reaction, namely the oxidation of the hydrogenated
species is very likely to happen. At normal combustion conditions, the first reaction
is the most dominant. The hot oxidation causes bond cracking, and the polymer fol-
lows by gasification. As for PMN, the second reaction is the most dominant,
wherein the aromatization of polymer increases while oxidation rate decreases.
This indicates that MMT plays a catalytic role in the char forming reaction [15]. Com-
paring the general mixtures of MMT and polymer, gasification of the polymer is
much easier than char formation because in this mixture and layer-shaped MMT
structure becomes damaged and powdery, and they do not have a charring catalytic
effect [12, 16]. The layered MMT with a nanometer pattern disperses in the polymer
substrate with good char-forming catalytic property in PP [17], EVA [18] and PS [19].

MMT has the characteristics of a Lewis acid, and hence, promotes char forma-
tion. The Lewis acid characteristics of MMT is due to the distribution of the metal
ion in MMT edge (such as AI’*), or siloxane surface multimedia (such as Fe?* and
Fe’*) of the wafer, or MMT-layered structure inside the crystalline defects. Such
Lewis acid center of MMT can accept electrons from donors with low ionization or
from the ethylene monomer. Therefore, as a char forming catalyst, MMT can reduce
polymer degradation rate to provide PMN anti-burning the protective barrier; this
barrier generated by MMT contains aluminum-silicon materials. According to the
thermal combustion of the cone calorimeter, the chemical reaction leading to char
formation can be inferred and analyzed as follows.

First, external heat or flame transfers heat to the materials, decomposing the or-
ganic MMT and polymer. The MMT layer in some proton catalytic centers focuses on
burning surface materials. For polymers in PMN, there is competition between oxida-
tion bond breaking reaction (a volatile part of the carbon dioxide polymer debris) as
well as catalytic sodium dehydrogenation and carbon dioxide sodium dehydrogena-
tion reaction. The generated conjugated polyene, through aromatization, crosslinking
and catalytic dehydrogenation, forms a layer on the surface of the char, with the lat-
ter finally inserting MMT layers as charred MMT combustion residue [20].
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Based on the experience, the higher the degree of detachment of MNT in the
PMN, the better is the dispersion, and the more conducive it is to form a network
during combustion, the more vulnerable it is to form a continuous char layer, re-
sulting in higher flame-retardant efficiency, see Figure 6.1 [4, 21].

& Pslymer chain
% . re-combustion '
Carbon

-

Burning

(a) Intercalation PMN (b) Exfoliation PMN

Figure 6.1: The MNT network facilitates the formation of char layers [4, 21].

6.2.3 The migration enrichment mechanism of MMT in PMN

The mechanism of the migration and enrichment of MMT in PMN [22] is in fact
complementary with the chemistry of the char forming mechanism of MMT. Ac-
cording to the theory of migration and enrichment, because of the low surface
free energy of MMT, MMT can migrate to the surface of PMN. This hypothesis is
based on the theory that the temperature of the organic process of MMT thermal
decomposition is lower than that of the general polymer thermal cracking and
burning, reducing the surface free energy of MMT, which promotes the decompo-
sition of PMN structure. In this case, MMT migrates to the surface of PMN, which
may be caused by the gradient driven at general temperatures or by the bubble
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movement of the drive. XPS studies have shown [23] that, as temperature ap-
proaches that of polymer decomposition, the MMT of PS/MMT can concentrate on
the surface of PMN. Moreover, it is believed that [24] PMN combusts similar to air
bubbles, which is a disturbing factor, the decomposition of PMN generates numer-
ous rising bubbles and the molten material flows drive MMT to the surface of the
material.

Another flame-retardant mechanism of PMN [25] has also been proposed, with
the view that the MMT magnet can capture free radicals. These studies have also
reported that MMT content of some PMN (such as PS/MMT) is only 0.1%, the PHRR
content can also reduce by approximately 40%. There’s no big difference between
the result of the PLSN at a high concentration of MMT.

6.2.4 The effects of quaternary ammonium salts used for modifying MMT

In general, alkyl quaternary ammonium salts used for modifying (organic) MMT
can decompose at a temperature below 155 °C, namely according to the Hofmann
elimination reaction or SN2 nucleophilic substitution reaction, and form a proton-
ation center on the surface of MMT, see eq. (6.1) [1, 26, 27]

CH,

-+ / CH,CH,0H -+ —CH,CH,0H _
MMT N S~ CH,CH.OH MMT H+H;C—N CHLCH.OH +CH,=CHR (6.1)
CH,CH,R

In the late period of the decomposition of all the organic modifier of MMT, the num-
ber of protonation centers is related to the cation exchange capacity. After the ther-
mal decomposition of the organic modifier, MMT can be considered as an activated
acid clay, with a strong acidity (-8.2 < Hy < -5.6).

In general, the incendiary time of PMN is less than that of the substrate,
which indicates that such materials have poor flame retardant capacity during the
early burning period. As is evident from the time to ignition measured in many
PMN using a cone calorimeter, a universal defect exists in most PMN. This is
caused by the thermal decomposition of the organic MMT, as mentioned above
the thermal decomposition temperature of those widely used quaternary ammo-
nium salt is relatively low. However, now there are some suppliers of thermally
stable MMT modifiers. In the cone calorimeter experiment, what is set on fire is a
mixture of air and the flammable gas generated during the thermal decomposition
of the polymer material. In other words, the time to ignition of the polymer mate-
rial depends on the stability of the thermal decomposition of materials. As shown
in equation (6.1), PMN containing MMT modified using quaternary ammonium
salts can produce combustible olefins at a lower temperature. The cone calorime-
ter experiment indicated that the PHRR of PMN containing organic MMT appears
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in the early period, which is associated with the time to ignition [28]. In addition,
olefins can be produced during the extrusion process of PMN when the tempera-
ture approaches the thermal decomposition temperature of organic MMT. During
sudden drop in temperature with a large number of PMN, olefins may also be pro-
duced. In addition, olefins can react with oxygen to generate peroxide radicals,
which can widen the polydispersity of polymers through typical free radical reac-
tions. Therefore, the decomposition of organic MMT also affects the thermal deg-
radation of polymers. When molten blending is adopted to produce PMN, the
influence of thermal decomposition of organic MMT is very important. Gel perme-
ation chromatography (GPC) studies of the extruded sample of PS/MMT showed
that, when there is no nitrogen protection during the extrusion process, low mo-
lecular weight PS will be produced [29].

In studies involving PP/MMT, it has been found that MMT (not only the organic
MMT) can catalyze the degradation of the polymer matrix [30]. It is believed that
adding MMT in PP may catalyze its early decomposition in an oxygen atmosphere.
Because the complex crystalline structure and features of the MMT forms some ac-
tive catalytic centers, such as Bronsted acid center similar to weak acid SiOH and
strongly acidic in OH bridge exist in the edges of MMT, the unexchangeable transi-
tion metal ions exists in the crystal lattice, the crystal defect point in the MMT
layers.

In short, regardless of the situation, for MMT alkyl ammonium salts play an im-
portant role in the thermal decomposition and flame retardant behavior of PMN.
Significant efforts have been made to develop a new organic modifier with higher
thermal stability than the general quaternary ammonium salts, including phospho-
nium salts (PR,"), imidazolinium salts, crown ethers, antimony iodide, tropylium
salt, etc.

Flame retardation mechanism is a very complex issue, and most of the present
flame retardation mechanisms of PMN are based on the results obtained by material
cone thermal scanner experiments, radiation experiments, gasification (hot crack-
ing in N, and combusting in the air) and thermal cracking lab analyses. They are
mainly based on the mechanism of char formation through chemical reaction and
MMT surface enrichment mechanism, however, all are still being investigated. A
free radical trapping mechanism has also been proposed, but its experimental evi-
dence remains to be supplemented and improved. However, we know for certain
that organic quaternary ammonium salts that are used to modify the surface of
MMT have a certain influence on the early pyrolysis and time to ignition of PMN,
because they can undergo Hofmann elimination reaction at lower temperatures.
Furthermore, MMT (not only the organic MMT) plays a catalytic role in the degrada-
tion of the polymer matrix.

The flame retardancy of the polymer/inorganic nanocomposite is surely more sig-
nificantly improved than a single polymer (this is mainly manifested by the dramatic
decline in HRR and MLR), but for improving the time to ignition, oxygen index and
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results of UL94 vertical combustion experiment are very limited, and at times even
worse. The key to such nanocomposite flame retardants is to form a homogeneous,
continuous char layer. The main role of nanoparticles is to facilitate charring (by pro-
moting crosslinking and catalysis), but different polymer and inorganic nanoparticles
may have different impacts on the process of char formation. Moreover, inorganic
nanoparticles may affect the pyrolysis of polymers, which has certain relevance in
flame retardancy. For example, for polymers that are pyrolyzed by the removal of
functional groups, the thermal stability of its functional group needs to be related to
HRR. In addition, nanoparticles themselves and their induced crosslinking reaction
increase the melt viscosity, which is coupled with the “labyrinth” effect. This extends
the residence time in the solid phase and increases the lifetime of the combustible
group or the occurrence of secondary char reactions, which possibly reduces HRR
and MLR. In addition, nanoparticles can restrain the fusing.

It is worth emphasizing that to allow nanoparticles to act, besides adding ap-
propriate volume, inorganic particles should have a large aspect ratio and a higher
interface strength between polymers, as well as high viscosity gel characteristics in
polymer melt to ensure that nanoparticles are well dispersed and stably decentral-
ized both in composite materials at room temperature and in molten state compo-
sites at high temperatures.

6.3 Char formation of nanocomposite PP/MMT

For PP used in nanocomposite PP/MMT, the (partially) use of maleic anhydride
grafted PP (PP-g-MA) is required, which is a solubilizer that improves the interface
bonding strength of PP and MMT. PP-g-MA/MMT system forms a residue in the ther-
mal cracking gas under a nitrogen atmosphere; Figure 6.2 shows a TEM image [31],
displaying the disordered dispersion of MMT layer in the residue.

PP-g-MA can increase the charring ability of the nanocomposite. Figure 6.3
is a TEM image of the thermal cracking residue of three kinds of PP-based mate-
rials generated under a nitrogen atmosphere. The first material is a PP/MMT
(5%) (a), the second is PP/PP-g-MA (15%)/MMT (2%) (b) and the third is a PP/
PP-g-MA (15%)/MMT (5%) (c). According to the Figure, there is no black char
layer in (a) residue but only in the residue of MMT. Both (b) and (c) residues
exist as a black char layer. The layer of char residue in (c) displays higher qual-
ity, fewer cracks and better continuity. Thus, it can be concluded that the addi-
tion of PP-g-MA and the amount of MMT is extremely important for the charring
of PP-based nanocomposites.

The PP-g-MA in the material can increase the degree of dispersion of MMT in
the material system. However, more importantly, it can act directly on the charring
of MMT. If PP-g-MA is not added in the PP/MMT system, its flame retardancy is only
slightly improved, even with an excellent intercalation system. During thermal
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Figure 6.2: Thermal cracking residues of PP-g-
MA/MMT nanocomposite (TEM image) [32].

Figure 6.3: Thermal cracking residues of (a), (b) and (c) (TEM image) [31].

cracking and burning, the external components of the char layer of the polymer
containing MMT (nanodispersion) may migrate, reunite and gather. This is a com-
plex dynamic process involving the decomposition of the polymer and surface
modifiers, as well as migration and rupture of the bubble.

Generating a homogeneous continuous char layer on the surface of the materi-
als is the key to improve the flame resistance of materials (lower HRR and MLR). As
for PP/inorganic nanosystems, the types of clay also affect the quality of the char
layer. Figure 6.4 [31, 32] compares the MLR of PP nanocomposite of three inorganic
nanoparticles (general MMT, synthetic hectorite and synthetic fluorinated mica), all
composed of PP (8.4%)/PP-g-MA (7.7%)/inorganic nanoparticles (7.7%), while the
fluorine-containing synthetic mica is the lowest. However, materials containing
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general MMT or synthetic hectorite are almost the same. Of course, the performance
of all these three kinds is far worse than the PP/PP-g-MA systems. Correspondingly,
the residue of PP/PP-g-MA/synthetic fluorinated mica, which contains the lowest
MLR, has the most uniform and continuous char layer during thermal cracking in
nitrogen or burning in air (Figure 6.5) [33].
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Figure 6.4: The MLR value of PP nanocomposites (composition mentioned in the text) of three
different kinds of inorganic particles (thermal cracking in nitrogen) [31, 32].

(a) Imvite (b) Synthetic hectorite (c) Synthetic fluorinated mica
Figure 6.5: The residue of the three PP nanocomposites shown in Figure 6.4 (containing different

inorganic particles; composition mentioned in the text) when cracked in a nitrogen atmosphere
(TEM image) [33].

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of -use



EBSCChost -

6.4 The charring of PS/MMT nanocomposite materials = 167

In addition, surface modification agents and modification methods of MMT are
closely related to the char quality of the PP nanocomposite. Moreover, reasonable
modification of MMT tends to favor the formation of a continuous char layer, and
delay the time to ignition of the material.

6.4 The charring of PS/MMT nanocomposite materials

Although polystyrene (PS) is extremely difficult to char when burning itself, clay
char layers can be formed when PS/MMT nanosystems undergo combustion or ther-
mal cracking (Figure 6.6) [31, 33]. Figure 6.6 shows a TEM image of the residue pro-
duced during the thermal cracking of PS/MMT (5%) and PS for 240 s under N,
(radiation gasification unit, see Chapter 8). The comparison between them can fully
explain the fact that nanodispersed MMT in PS can significantly improve the char-
ring of the PS.

(a) Sole PS (b) PS/MMT(5%)

Figure 6.6: TEM photocurve of the residue produced by the thermal cracking of PS (a) and PS/MMT
(5%) (b) for 240 s in a nitrogen atmosphere [31, 33].

MMT can function as the charring agent of PS and other polymers that are
difficult to char because of the “restrict” and “coking” effect of the matrix
polymer generated by clay. In addition, the PHRR of the PS/MMT system (5%)
decreased by 75%, whereas the total heat release amount (THR) did not de-
crease noticeably. During the process of thermal cracking (or combustion), the
remaining char of PS and clay can form a heat insulation layer which can ef-
fectively reduce the heat conduction and the rate of thermal decomposition of
the material.

Single PS, PS/Na" MMT (10% of the micron-sized dispersed in PS) and PS/MMT
(10%) nanocomposites (intercalated and exfoliated) undergo thermal cracking in a
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radiation gasification apparatus under N, for 82 s, 95 s, 200 s, 400 s and 1150 s.
These five timeperiods correspond to the five different stages of thermal cracking.
For PS/MMT nanosystems, at 82 s, the material begins to cracking; at 95 s, MLR
reaches the maximum value (correspondingly HRR also reaches the maximum); at
200 s, the initial stationary phase for thermal cracking is achieved (thermal crack-
ing platform, MLR is of a stable value); at 400 s, the final phase of thermal cracking
(MLR began to decrease) ensures, and the thermal cracking ends at 1150 s while
the corresponding MLR is close to zero and the residual clay platelets are left. For
a single PS and PS/Na* MMT (micron dispersion), thermal cracking conditions are
very different compared to the PS/MMT nanosystems. However, the conditions of
the former two are relatively similar. After 200 s, the two MLRs continue to in-
crease (nanosystems enter the thermal cracking phase at 200 s); at approximately
400 s, MLR rapidly declines to zero, and there is no thermal cracking quality loss
for the remaining residue. Figure 6.7 [31, 33] is the MLR curve of the abovementioned
three materials.
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Figure 6.7: MLR curve of PS, PS/Na* MMT (micron dispersion).and PS/MMT
(nanodispersion) [31, 33].

Fifteen thermal cracking residue samples in the upper, middle and lower part of
the test specimens at the abovementioned five timeperiods can be obtained. For
ease of comparison, we obtained three samples from raw materials (PS/MMT
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nanocomposites) that have not undergone thermal cracking in the upper, mid-
dle and lower parts, with the total number of samples reaching 18. The inter-
layer distance of 18 samples (d (001)) was measured by XRD. In the case of
upper-layer samples, the interlayer distances of the residue produced 82 s, 95 s,
200 s, 400 s and 1150 s is the same at 1.3 nm. For middle-layer samples, the
interlayer distance of the residue produced at 200 s, 400 s and 1150 s is the
same at 1.3 nm. For lower layer samples, the interlayer distances of the residue
produced at 400 s and 1150 s is the same at 1.3 nm. The interlayer distances of
the sample without thermal cracking and other residues is 3.27 nm. This shows
that the extent of the thermal cracking of upper layer material is greater than
that of the middle and lower layer. Furthermore, for the upper layer material,
interlayer distances of the residue, after thermal cracking for 82 s, never in-
crease with the increasing time of thermal cracking, maintaining at 1.3 nm
(measured by XRD) [31].

As is evident from the XRD pattern and TEM images, as the time of thermal
cracking increases, the clay char layer increasingly deepens into the specimen, and
the char layer becomes increasingly thicker. However, after thermal cracking for a
period of time, the char layer structure does not change with the thermal cracking
time.

Figure 6.8 [31] is a TEM image of PS/MMT nanocomposites before and after the
thermal cracking and shows the distribution of MMT layers.

(a) Before thermal cracking (b) After thermal cracking

Figure 6.8: TEM images of the nanocomposite of PS/MMT (10%) before and after thermal
cracking [31].

The PS/MMT nanocomposites were placed in a radiation gasification unit and
burned in air for different timeperiods, i.e., 95 s, 200 s, 400 s and 1050 s. The aver-
age amount of residues for the four samples was (28.7% + 6.2%) of the original
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sample (determined by TGA), such that the amount of materials burned was 71.3%
of the original sample. The residue was a clay char layer, wherein the density of
the clay was 2.1 g/cm’ and the char density was only 1.0 g/cm?; thus, the ratio of
volume of clay to carbonaceous material is approximately 1:1. If the specimen is
placed in nitrogen and undergoes thermal cracking, the average amount of resi-
due for the same four samples was (17.5% + 6.8%) of the original sample, which
means that the residue weight for thermal cracking was 10% lower than that of
combustion. This difference in the residue weight shows that the clay char layer
contains two carbonaceous materials: one could gasify through heating in nitro-
gen, and the other could only be eliminated through thermo-oxidative degrada-
tion in air and under harsh conditions. The mass ratio of the two abovementioned
materials was 1.5:1. The main difference between them arises from the different
thermal stability.

6.5 The thermal stability and flame retardant of PU/MMT
nanocomposites

6.5.1 Thermal stability

The thermogravimetric curve and differential thermogravimetric curve of polyure-
thane elastomers and its montmorillonite nanocomposites in nitrogen (heating rate
is 107 °C/min) are shown in Figure 6.9 and Figure 6.10, respectively [34]. The PU
and PU/MMT in the figure are obtained through the two-step method, and the pol-
yol is a bifunctional group with a calculated value M, of 4000; the isocyanate here
is MDI; MMT here refers to modified 2-hydroxyethyl quaternary ammonium salt; the
content of MMT in PU/MMT is 2.5%.
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Figure 6.9: TAG carves of PU and PU/MMT [34] (1 refers to PU, 2 refers to PU/MMT).
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Figure 6.10: DTG carves of PU and PU/MMT [34] (1 refers to PU, 2 refers to PU/MMT).

Figures 6.9 and 6.10 show that the thermogravimetric curves of PU and PU/MMT
proceed in two phases; the two peak temperatures of PU are 311°C and 380 °C,
respectively; and the corresponding temperature of PU/MMT are 322 °C and 390 °C,
respectively, which is nearly 10 °C higher than that of PU.

On the basis of abovementioned results, the thermal stability of PU/MMT could
be generally induced as follows. However, differences exist in reported data be-
cause different researchers use various PU/MMT with different compositions and
preparation methods.

1. When the amount of MMT in PU/MMT is under 5%, the initial decomposition
temperature of PU/MMT, T;, namely the temperature of the intersection point of
the extrapolated baseline and the tangent line of the maximum slope of TGA
curve, is similar to or slightly higher than that of PU (see Table 6.1 [35], Figure
6.9 and Figure 6.10), because what decomposes now is the relatively free molecu-
lar chain that does not enter the interlamination of MMT. This implies that only
the PU molecular chain decomposes, with minimal impact on MMT. When the
amount of MMT increases, the amount of molecular chain involved in intercala-
tion also increases, resulting in the PU molecular chains being blocked and
bound by the MMT intercalation, as well as hampering the movement of

Table 6.1: The relation between T; and the
content of MMT in PU/MMT [35].

MMT content/% T/ °C
0 347
2 353
5 353
8 366
10 367
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molecular chains (including rotation and translation). When the content of MMT
in PU/MMT is up to 8% to 10%, the T; of PU/MMT increases greatly for the bound
PU molecular chain that enters into the intercalation of MMT have increased.

2. Organic modifier of MMT is usually ammonium halides, which can perform Hof-
mann elimination reactions at temperatures below the decomposition tempera-
ture of PU, when the olefin and quaternary amine are generated, leaving acid
protons on the surface of MMT. These acid sites can promote the early stages of
organic matter decomposition within MMT, (this position may have catalytic to
organic matter within the MMT at an early stage of the acidic decomposition),
which is not conducive for improving the T; of the PU/MMT.

According to actual measurements, the impact modifier shows a limited im-
pact on PU/MMT. This may be because of the low contact within the modifier of
the PU/MMT, the decrease of T; offset which even surpasses the increase of MMT
to T;. However, there are also examples of T; of the PMN below the T; of the resin
substrate.

3. The weight loss of PU/MMT is close to PU when the MMT content is 2% to 5% of
the PU/MMT, at or slightly below T;. However, above T;, the former is lower
than the latter.

6.5.2 Fire resistance

Heat release rate(HRR) influences the time of ignition, the fire hazard environ-
ment, the speed of fire spread, etc. If HRR is small, the material will be difficult to
burn, and vice versa. HRR tested in a dual cone calorimeter and the heat flow is
35 kW.m 2 indicates that the PHRR of PU/MMT (4.5%) decreases to 44% as shown
in Figure 6.11. If the nanocomposite comprises MMT (4.5%) in terms of phosphoric
acid ester PU, PHRR can drop to 70% as illustrated in Figure 6.12.
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Figure 6.11: The HRR curve of PU (1) and PU/MMT (4.5%) [38].
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Figure 6.12: The HRR curve of PU/ phosphate (1) and PU/MMT phosphate (4.5%) (2).

The fire performance index

Fire performance index (FPI) is the ratio of TTI and PHRR, i.e., FPI = TTI/PHRR,
and is considered to be more capable of showing the flame retardant property
index compared to PHRR as it consider TTI such that the FPI can be associated
with the flashover time. The higher the FPI, the lower the rate of fire hazard for
materials. When PU and MMT form nanocomposite materials, FPI increases signif-
icantly. The FPI of PU is 0.073, that of PU/MMT (4.5%) is 0.130; the FPI of phos-
phate flame-retardant PU is 0.071, that of phosphate flame-retardant PU/MMT
(4.5%) is 0.199. Thus, MMT (4.5%) can increase FPI value of PU by approximately
80%, whereas phosphate has no impact on the FPI of PU; however, if you add
MMT (4.5%) in the PU of phosphate, the FPI value increases to 2.8 times of its orig-
inal value.

Mass loss rate
Mass loss rate (MLR) affects the fire environment temperature of materials and
the fire spread rate. The smaller the MLR, the more difficult it is to combust the
material, and vice versa. Figure 6.13 shows the MLR curve of PU and its corre-
sponding PU/MMT (measured in the cone calorimeter and heat flow 50 kW.m™2);
the MLR peak of PU/MMT is 40% of its preceding PU, but the peak is achieved in
advance.

In PU/MPP (Melamine polyphosphate), the dispersion of MMT plays a signifi-
cant role in reducing MLR. The MLR of PU/MMT (5%) is 60% of PU, whereas the
PU/MMT (5%)/MPP (6%) is only 35%.
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Figure 6.13: The MLR curve of PU and its corresponding PU/MMT [34].

Oxygen index

The MMT in PMN cannot effectively improve the limiting oxygen index (LOI) of

materials, such as the LOI (20.5) of PU/MMT with MMT (5%), which could only

improve 1.5 units than PU (19.0). However, when MMT is used in conjunction
with conventional flame retardants such as MPP, dispersing 5% of MMT in PU/

MPP (6%), the LOI of materials could reach 27.5% and could improve 3.5 units of

the LOI (24.0) in PU/MPP (6%). This shows that, to improve the LOI of PU/MPP,

MMT may have synergistic effect with MPP. Therefore, adding certain conven-

tional flame retardants in polymers/MMT may be able to improve the flame retar-

dant performance.
In summary, thermal stability and flame retardancy of PU/MMT nanocompo-
sites can be attributed to the following three points:

1. When there is approximately 5% MMT in PU/MMT, compared with the original
PU, PHRR can decrease by approximately 40%~60%, and the FPI can increase
by approximately two times, significantly improving the fire safety of materials.

2. When MMT content in PU/MMT is below 5%, T; and PU are similar, but if it
reaches 8%-~10%, T; increases. Hofmann elimination reaction occurs at a cer-
tain temperature after the application of modifier alkyl ammonium halide in
MMT, which is not conducive for increasing T; and TTI in PU/MMT.

3. At the same time, using conventional flame retardants with a synergistic effect
with MMT in PU/MMT, such as phosphate, can further improve the PHRR, FPI
and LOI of materials.

6.6 Polymer/carbon nanotubes nanocomposites

6.6.1 Carbon nanotubes (CNT) and their features

CNT is a typical fullerene (cage atom clusters) which is actually a seamless
nanotube composed of curling graphite sheets. The wall thickness is only a

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

6.6 Polymer/carbon nanotubes nanocomposites —— 175

few nanometers, the diameter ranges from a few nanometers to tens of nano-
meters, axial length of microns can reach centimeter magnitude, and the ratio
of length to diameter reaches 100~1000. The structure of CNT is similar to ful-
lerene and graphite, with curved crystal surface made of SP? hybridized car-
bon and the shortest C-C length of 0.142 nm. CNT could be divided into
single layer and multilayer (SWCNT and MWCNT) with both having varied
shapes. CNT has a very high specific surface area; the specific surface area of
CNT currently is 15~400 m®/g, which is far less than the theoretically pre-
dicted value. CNT has a very high tensile strength reaching 50~200 GPa, 100
times more than that of steel, while its density is only one-sixth of steel. The
Young’s modulus and shear modulus of CNT are equal to that of diamond,
with a failure strain of 5%~20%. In addition, with a strong anti-distortion
capability, CNT also shows good flexibility and elasticity in the axial direc-
tion, and can be resistant to oxidation and corrosion. Therefore, CNT will be
an ideal reinforcement of advanced materials. Composite materials made of
CNT and polymers have a high specific strength along with a series of other
valuable properties.

The research concerning the polymer/CNT nanocomposites focuses on
treating CNT as reinforcement to significantly improve the strength and tough-
ness of the materials or using their good electrical properties to improve the
conductivity of the materials. Using MWCNT as flame retardants have a series
of advantages: (1) with a large ratio of length to diameter (more than 1000)
materials with MWCNT as the dispersing agent can easily form a protective
char layer with a continuous network structure, few surface cracks, and
does not shrink, resulting in good flame retardant effects; (2) MWCNT do not
need to undergo surface modification such as LS and can be compatible with
numerous polymers; (3) TTI of the polymer/MWCNT nanocomposites does not
decrease, while the organic surface modification agent of LS often reduces
TTI; (4) When MWCNT content in polymers is 2.0%-~5.0%, it works better in
reducing HRR and MLR than LS; (5) MWCNT have synergistic effects with
other nanoscale inorganic compounds (such as MMT) and some conventional
flame retardant.

6.6.2 The thermal stability of the nanocomposites of polymer/MWCNT

Some thermal parameters of PA6 and PA6/MWCNT (5%) are shown in Table 6.2 [42]
measured by thermal analysis (TGA and DTA). The table shows that, compared with
PA6, the mass loss of PA6/MWCNT (5%) decreases when the temperature is lower
than 330 °C. When the temperature is lower than 600 °C, the residual char in air in-
creases, but the peak thermal decomposition temperature and melting temperature
remain unchanged.
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Table 6.2: The thermal parameter of PA6 and PA6/MWCNT (5%) measured by TGA and DTA.

Thermal parameter PA6 PA6/MWCNT (5%)
The mass loss when the temperature is lower than

2.1+1. 1.1+1.
330°C/% +1.0 *1.0
Thermal decomposition peak temperature/ °C 459+1.0 459+1
Melting temperature/ °C 227+1.0 225£1.0
The amount of residual char(600 °C, air)/% 0.0+1.0 5.2%1.0

% The condition of TGA: air, 10 °C/min, 12 mg

6.6.3 The flame retardation of nanocomposites of polymer/MWCNT

Heat release rate
1. The heat release rate of PP/MWCNT

The HRR curve of PP/MWCNT with different amounts of MWCNT (0.5%~4%)
(measured by 50 kW/m? cone calorimeter) is shown in Figure 6.14.

Figure 6.14: The HRR curve of PP and PP/MWCNT [43, 44].

Figure 6.14 shows that the PHRR of PP/MWCNT is the lowest (only one-sixth of
PP) when the MWCNT content is 1%. On increasing or decreasing the MWCNT
content, the PHRR increases. It is caused by the balance between thermal
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conductivity and barrier quality of the char layer formed during combustion.
When MWCNT content in PP/MWCNT is 0.5%, TTI is lower than PP, while it in-
creases with increase in MWCNT content.

The heat release rate of EVA/MWCNT

Figure 6.15 [45-47] is the HRR curve of the nanocomposite material com-
prising EVA (2%VA) with MWCNT, MMT and MWCNT+MMT (heat flow
35 kW.m ° measured in the cone calorimeter). The purity of MWCNT is
99%, with the remaining 1% constituting inorganic compounds (Fe, Al,O3
and CO). The MMT modifier is dimethyldi(octadecyl) ammonium halide.
Each sample has been measured three times, and the measured deviations
are within +5%.

Figure 6.15: The three HRR curves of EVA/inorganic nanocomposite materials.

Figure 6.15 shows that, when we reduce HRR, MWCNT is more effective
than MMT; and when the nanofiller dosage is 5%, with MWCNT and MMT
for 50%, PHRR value significantly reduces than the single MWCNT. This
shows that there is a certain degree of synergism between MMT and
MWCNT. However, it is worth noting that MWCNT plays a less important
role in reducing the HRR of EVA compared with PP.

The heat release rate of PA6/MWCNT

Figure 6.16 [48] is the HRR curve of PA6/MWCNT (5%) measured in the
cone calorimeter where the heat flow is 30 kW/m?. According to the figure,
the PHRR values of PA6/MWCNT (5%) decreases by approximately 40% in
terms of pure PA which is equal to the average decrease of HRR of PA6/
MWCNT (5%).
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Figure 6.16: The HRR curve of PA6 and PA6/MWCNT (5%) [48].

Mass loss rate

Using a radiation gasification device wherein the heat flow was 50 kW/m? (N5, no
combustion), the MLR curves of PP and PP/MWCNT are shown in Figure 6.17 [43]. The
MLR measured using the cone calorimeter is higher than that measured using the ra-
diation gasification device. This is because in the cone calorimeter experiments oxida-
tion of the material is intense, such that the material consumption rate is higher.
However, when the content of MWCNT in PP is increased from 0.5% to 1%, it shows
limited effects on the MLR of the materials, with similar effects seen in air and N,.
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Figure 6.17: The MLR curve of PP and PP/MWCNT [43].

PP/MWCNT can form a network structure of char layer which is relatively uniform
across the surface of the combusted materials without any cracks and voids. The
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char layer can prevent the loss of mass and heat, and a significant part of the inci-
dent energy and reflection flow to the gaseous phase, thus reducing the amount of
heat in the char layer matrix, thereby slowing the rate of thermal degradation of the
matrix and reducing the MLR to improve the efficiency of the flame retardancy.

Time to ignition

As is well known, when the polymer/inorganic nanocomposite material with MMT
is used as a flame retardant to improve the compatibility between the polymer MMT
and substrate, the surface of the MMT must be modified. The modified agent is
alkyl quaternary ammonium salt because the latter can undergo Hofmann elimina-
tion reaction at certain temperatures, hence sometimes the TTI of the polymer/inor-
ganic nanocomposites decreases slightly. However, when MWCNT is used as a
flame retardant of the polymer/inorganic nanocomposite (including EVA/MWCNT),
such a problem does not exist because it can retain the original TTI value of the
substrate. Table 6.3 is the testing TTI value of EVA nanocomposite [49].

Table 6.3: The testing TTI value of
EVA nanocomposite.

Sample TTL/s
EVA 84
EVA/LS (2.5%) 70
EVA/LS (5.0%) 67
EVA/MWCNT (2.5%) 85
EVA/ MWCNT (2.5%) 83

The limiting oxygen index and UL94 flame retardancy
The LOI of PA6 is (26.4% + 1%), however, the limiting oxygen index of PA6/MWCNT
(5%) decreases to (23.7% = 1%) [48]. Because the PA6 produced droplet in the exper-
iment, the material flew away from the droplet of the hot crack zone, taking away
the heat and reducing the material supply. Consequently, the material is burnt only
in a small fire, and the LOI ratio is high. While for PA6/MWCNT (5%), due to the
formation of a network structure of char layer during combustion and increase in
the viscosity of the material, it will block the material removed from the cracking
area. Therefore, the materials are burnt in a big fire burn, and the LOI declines.
Figure 6.18 [50] demonstrates that, with regard to the UL94 vertical burning
test, there is a similar situation of testing LOI compared with PA6. PA6/MWCNT is
easy to produce droplets, so PA6 is very close to the UL94V-2 level, and PA6/
MWCNT (5%) showed no capability of self-extinguishing and cannot go through
any flame retardant grade of UL94V.
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Figure 6.18: The general burning situation of UL94V of PA6 (a) and PA6/MWCNT (5%) (b) UL94V [50].

Synergistic effect of MWCNT and other inorganic fillers and conventional flame
retardants

The dispersion of two or more than two kinds of inorganic nanomaterials, which
can play a synergistic effect, is an effective way to improve the flame retardant per-
formance (and other properties) of the non-composite. The cooperation of MMT and
MWCNT of the EVA results in better flame retardant properties (Figure 6.15).

In addition, adding CNT in a series of conventional flame retardant can reduce
the dosage of conventional flame retardants and improve the properties of flame
retardant materials. For example, when we disperse 2%~5% CNT in the EVA/ATH
(aluminum hydroxide) system, the amount of ATH needed which makes the mate-
rial go through the V-0 degree can be decreased from 60% to 50%. Meanwhile, the
EVA/ATH/CNT system is a flame retardant sheath/dual-use material which is low in
smoke, halogen-free and low voltage cable with the oxygen index reaching 31%,
and the temperature index reached 235°C. Smoke density conformed to the
IEC601034 standard, and the toxicity index of NES713 was 3.0 [1].

6.6.4 Char and char layer structure of polymer/MWCNT nanocomposites

EVA/MWCNT and EVA/MWCNT/MMT
EVA/MWCNT and EVA/MWCNT/MMT, two nanocomposite materials were burned
in a cone calorimeter (heat flow 35 kW.m™) and Bunsen burner (the height of the
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fire was 6 cm, the surface temperature of the sample was 45 °C, and the time of
burning was 1 min; the sample size was 30 mm x 30 mm x 3 mm); the shape of the
char layer are shown in Figures 6.19 and 6.20, respectively [7].

Figure 6.19: EVA/MWCNT (4.5%) (1) and EVA/MWCNT (2.5%) + MMT (2.5%) (2) The char layer
formed in the cone calorimeter test [47].

Figure 6.20: EVA/MWCNT (4.5%) (1) and EVA/MWCNT (2.5%) + MMT (2.5%) (2) The char layer
formed in Bunsen burner test [47].

In the cone calorimeter test, char residue of EVA/MWCNT will be burned; whereas
in Bunsen burner test, the overall structure of the char layer can be formed on the
surface. In terms of EVA/MMT+MWCNT, a good smooth char layer can be generated
in the cone calorimeter test, however, the cracks in the char layer grow more in
Bunsen burner test.

On comparing the cone calorimeter test and Bunsen burner test, the combustion
in the former is milder and the char oxidation degree is low, which is equivalent to
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the early stage of the cone calorimeter test. In the Bunsen burner test, EVA/MWCNT
generates a smooth char layer with small cracks, and hence, the PHRR value of EVA/
MWCNT is low. As mentioned above, the Bunsen burner test conditions are equal to
the early stages of the cone calorimeter. In the Bunsen burner test, the char layer
formed by EVA/MWCNT is more effective than those formed by EVA/MMT b blocking
the combustible volatile compounds escape from gas phase and the oxygen penetrat-
ing into the condensed phase. However, the antioxidant effect of the char layer of the
former may be worse than the latter. Hence, if the sample is exposed to a high tem-
perature for a long time (such as in the cone calorimeter test), due to the worse stabil-
ity of char layer oxidation of EVA/MWCNT, most of the char residue will be burned.
Instead, EVA/MWCNT+MMT contains MMT with better resistance to oxidation, and
hence, in both the cone calorimeter and Bunsen burner test, they can form a integral
char layer, such that the PHRR value is low.

MWCNT has the properties of graphite nucleation during combustion when
making the material burn and it will lead to the formation of graphite carbon and
turbulence carbon. If the materials contains both MWCNT and MMT, the abovemen-
tioned effect can be strengthened. If the char layer contains graphite carbon, the
value of PHRR can be considerably reduced. In addition, MWCNT can also reduce
the number of cracks on the surface of the char layer.

Oxidation resistance of the char layer also plays an important role in flame re-
tardant properties. The oxidative activity of the char layer is generally higher than
that of pure graphite, and usually depends on the graphitization degree of the char
layer. Adding MMT to the polymer/MWCNT helps improve the oxidation resistance
of the material.

Figure 6.21 shows the cracks formed on the surface of char layers when EVA/
MWCNT (4.5%) combusts for 4 min at 600 °C, as measured by a scanning electron
microscope [47]. The precipitated MWCNT can be distinguished from the crack sur-
face. It is clear from the Figure that MWCNT can play an important role in prevent-
ing the formation of cracks on the surface of char layer. Because fiber-shaped

Figure 6.21: The surface crack of the char layer
of EVA/MWCNT (4.5%) at 600 °C for 4 min [47].
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MWCNT can connect with the EVA matrix and enable the material to not generate
excessive cracks during the combustion process, smooth-faced char layer can be
formed during the early stages of combustion.

The diffraction results of EVA/MWCNT (4.5%), as measured by X-ray, (burning
for 4 min at 600 °C) are shown in Figure 6.22 [47]. The specimen did not have a
graphite structure before combustion, and the char residue as per the XPD diagram
had a strong and broad peak at 0.3445 nm, which is characteristic of turbulent
char. It proves that EVA/MWCNT forms a turbulent carbon structure during the
combustion of char. In such a structure, a series of aromatic layers stack together
with each layer being parallel and equidistant, but at the same time being fully
disordered.

Figure 6.22: The combustion of EVA/MWCNT (4.5%) (at 600 for 4 min) [47].

When MWCNT is used as a flame retardant for polymer/inorganic nanocomposite
materials, the effectiveness is prominent in terms of reducing HRR and MLR, which
is better than MMT for some polymers. In particular, it may have synergistic effects
with other inorganic fillers and conventional flame retardants, highlighting the ap-
plication prospects of MWCNT in the flame-retardant polymeric materials. However,
the polymer/inorganic nanocomposite materials containing MWCNT are still in the
early stages of development, being from industrial application. Further research is
needed for the flame retardation mechanism of MWCNT (such as failure mode, ef-
fect of nanomaterial combustion and heat on the char impact, condensed form and
phase barrier layer of the layer of physical performance).

PMMA/SWCNT

With a heat flow in the cone calorimeter of 50 kW.m ™2, we tested the HRR of three
different samples [well dispersed PMMA, PMMA/SWCNT (0.5%) and poorly dis-
persed PMMA/SWCNT (0.5%)]. Although well dispersed samples burnt more slowly
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than the poorly dispersed ones, the two samples were almost completely burned
out at a heating rate of 50 kW.m™% However, in the process of thermal cracking gas-
ification, the same PMMA/SWCNT in N, (external radiation heat flow 50 kW.m?)
could form the char residue. Regarding the well dispersed samples of SWCNT, dur-
ing the thermal cracking process, they first formed a large number of splash
vesicles on the surface of the material, followed by solid matter (without any liquid
characteristics), and finally a black char covering the entire sample container. Re-
garding the poorly dispersed sample, first, it formed a large number of vesicles on
the surface of the material, followed by many black islands, which finally con-
nected into a whole structure (Figure 6.23 [44, 51]). The MLR curve for of the two
samples (thermal cracking gasification) and HRR curve (cone calorimeter) displayed
the same trend. On comparing poorly dispersed samples of SWCNT (dosage of
0.5%) with well dispersed samples, PHRR and PMLR of the former was much lower,
while for the latter was almost as the same as a single PMMA. SWCNT with a good
dispersion of 0.5% in PMMA could reduce PHRR by approximately 60%, whereas
3% of the MMT could only reduce approximately 30% [52].

Figure 6.23: PMMA/SWCNT (consumption of 0.5%) vaporization residue [44, 51].

PMMA/SWCNT with the consumption of 0.2% of SWCNT is similar to that with the
consumption of 0.5% of SWCNT in nitrogen. In the process of thermal cracking gas-
ification, PMMA/SWCNT comprising 0.5% and 1% of SWCNT is similar to a solid in
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terms of hot cracking behavior. The sample surface is always covered with a mesh-
shaped protective layer, eventually forming a solid residue layer, with no per-
ceivable cracks (see Figure 6.24 c and d [44, 51]).

Figure 6.24: Gasification and hot tearing (50 kW/m?, phenol nitride) PMMA/SWNT sample’s residue
[44, 51].

PMMA/SWNT (consumption of 1%) mesh structure of the hot tearing residue com-
prises bunches of CNT which are coiled with each other. The residue is so hard that
it cannot be damaged easily. CNT can only slightly increase the rate of char residue
rate of PMMA by collecting and weighing the residue.

6.7 Polymer/layered double hydroxyl compounds
nanocomposite

The anions in layered double hydroxyl compounds have greater exchange capabil-
ity than the cations in MMT (approximately 3—4 times higher). However, the electro-
static attraction between the layers increases with the growth of ion exchange
capability, which is not conducive to the formation of exfoliation nanocomposites.
Thus, it could only form LDH-containing nanocomposites with smaller interlayer
spacing. However, regarding flame retardant and thermal stability, EP/LDH (EP is
an abbreviation for epoxy resins) has more advantages over EP/MMT (e.g., ex-
tremely large self-extinguishment). The following sections discuss the EP/LDH
nanocomposite as per a previous study [53].

6.7.1 Characteristics of LDH

An anionic clay, LDH is a layered mixed metal hydroxide with the chemical
formula of (MgeAl,(OH);sCO5°> e nH,0). It is composed of coplanar octahedron
unit with a cation at the center which coordinates with six hydroxyl units at
the peak (Figure 6.25); chemical formula of the octahedron unit is usually
denoted as:
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Figure 6.25: Structure of layered dou-
Lamellar thickness: about 0.48 nm ble oxyhydrogen compound.

Where M is a bivalent cation (e.g., Mg**, Zn**, Ca®*, Co®*, Cu®*, Mn?*) or an univalent
cation (e.g., Li*) (Li-Al LDH is the only well-known M*-M>* LDH, where Li* is inserted
in the octahedron interspaces of gibbsite [y-Al(OH);]); MIII is a trivalent cation (AI**,
Cr’*, Fe**, Co’*, Ni**, Ga®*, Mn®"); A" is an exchanged interlayered anion; q is the
quantity of electric charge of octahedron unit (when M is divalent cation, g = X, when
M is univalent cation, g = 2x — 1). An important characteristic of LDH is that the forms
of internal layer and the interlayer can be adjusted. By changing the ratio of univa-
lent cations, divalent cations and trivalent cations with p = (1 - x)/x, electric charge q
and anion exchange capacity (AEC) can be adjusted. Usually, the exchange capacity
of LDH is 200~470 meqe (100 g), which is higher than the cation exchange capacity
(CEC); e.g., the CEC of sodium montmorillonit is 80~145 meqe (100 g). The diameter
of the anionic clay is similar to that of the cationic clay, and may even be larger. By
changing the synthesis conditions, the lamellar thickness of LDH can reach
0.48~0.49 nm and the layer size of LDH can be 0.06~20 um [53].

6.7.2 Thermal decomposition of EP/LDH
In the air, by using synchronous thermal analysis (STA), the thermal stability of

cured EP/LDH (4-cis-tritosylate) of polypropylene oxide diamine (JeffamineD230),
sole EP and EP/MMT (double (2-hydroxyethyl) modified ammonium) (30B) were
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compared. The additive volume of the two nanocomposites is 5%. According to the
DTA curve [53], sole EP has a main endothermic peak at approximately 550 °C; EP/
LDH has two endothermic peaks so that HRR is reduced and heat release is delayed;
the heat release conditions of EP/MMT are the same as that of sole EP.

As can be seen from the TGA curve [53] of sole EP (two amino and two phenyl
sulfone-cured DGEBA) and EP/LDH (5%, 3-amino benzene sulfonic acid ester modi-
fied), initial decomposition temperature of nanocomposite reduced about 15°C
compared with sole EP. Meanwhile, at approximately 550 °C, the amount of residue
increases by approximately 36%. In addition, the charring amount of EP adding
phosphorus-based flame retardant chemical (e.g., ammonium polyphosphate) in-
creases and its thermal stability reduces. This is because ammonium polyphosphate
(APP) degrades into polyphosphate and ammonia at approximately 200 °C. At the
first stage of EP/APP degradation, EP undergoes a dehydration reaction and poly-
phosphate acts as an important catalyst in this reaction. Polyphosphate can also
promote promote the formation of unsaturated matter and char [54, 55]. Phosphorus
compound is the usual charring precursor agent of the expansion system; in most
cases the agent is APP, but can also be a sulfur compound. When heated, the sul-
fonic acid ester decomposes into a strong mineral acid, whereas the latter acts as a
catalyst for the dehydration reaction [56]. Thus, it can be considered that the sur-
face active agent of organic sulfonic acid ester of EP/LDH can prompt char forma-
tion. Char formation reaction is related to the nature of the surfactant, but has
nothing to do with LDH. EP/LDH, produced by Hsueh and Chen [57], uses amino
carboxylic ester (12-amino laurate) to modify LDH. The study results show that, be-
cause of the blocking effect of typical LDH, thermal stability of the nanocomposite
is improved compared with sole EP; however, the amount of residue did not in-
crease at high temperatures. Meanwhile, Chen and Qu [58] observed that the ther-
mal stability of PP-g-MA/LDH (using dodecyl sulfate to modify LDH) was reduced,
but the amount of char residue was increased. According to the mechanism of char
formation, intercalated anion, especially acidity, seems to be the key factor influ-
encing the decomposition progress.

6.7.3 Flame retardancy of EP/LDH

As a kind of additive, when decomposing, LDH can form refractory oxides on the sur-
face of the material, while releasing water vapor and carbon dioxide, resulting in im-
proved flame retardation of the matrix. During combustion, it extends TTI and
reduces the total quantity of heat required [53] by absorbing considerable amount of
heat and attenuating flammable gases produced by pyrolysis. When LDH presents
nanoscale dispersion in the matrix, it has the typical effect of nanocomposites.

The results of UL94 level of EP/LDH, EP/MMT, EP/ATH and EP/APP are listed
as follows: EP/LDH1 (modified 3-amino benzene sulfonic acid ester) and EP/LDH2
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(modified 4-toluene sulfonic acid ester) are superior to EP/MMT1 (double (2-hy-
droxyethyl) modified ammonium), EP/MMT2 (C,,~C;g modified ammonium), EP/
ATH and EP/APP [53]. Factually, in the horizontal flame test of UL94, only LDH
nanocomposite has self-extinguishing performance. The flame retardancy of LDH
nanocomposite is related to the dispersion of the modified LDH and its internal
features. EP/LDH is the first nanocomposite which can self-extinguish without the
need for adding additives. Hence, the anion clay of LDH can improve materials’
flame retardancy and substitute the common cation clay. In the horizontal flame
test of UL94, although EP/LDH has unique self-extinguishing properties, the pre-
vious nanocomposites do not exhibit such characteristics. When anionic clay ma-
terials burn, consecutive and expanded ceramic coating is formed on the polymer
surface, leading to a larger reduction amplitude of HRR than that of MMT nano-
composites. Furthermore, anionic clay can effectively compound with phosphorus
flame retardants to improve expansibility and reduce the amount of HRR released
and smog.

When LDH radical nanocomposites burn, they formed mixed metal oxides
(formed during the thermal decomposition of LDH) and intercalated nanocompo-
sites. On burning UL94, there is a diffraction peak at 1.28 nm in the XRD pattern of
EP/LDH1 and EP/LDH2. Consistent with this, Gilman and others [60] reported that
intercalated structure of char produced by montmorillonite nanocomposites has the
same interlayer distances between char intercalation (1.3 nm), which is not related
with the types of polymer (thermosetting or thermoplastic) and their nanostructure
(intercalation or layer). This implies that the interlayer distances between char in-
tercalation are unrelated with the nature of the layered crystal.

As listed in Figure 6.4 and Table 6.4 [53], data of cone calorimeter tests in-
volving EP radical sample further prove that flame retardancy of LDH radical
nanocomposite is superior than that of montmorillonite nanocomposite. Com-
pared with sole EP, PHRR of EP/LDHland EP/LDH2 reduced by 51% and 40%,
respectively, which were obviously superior to EP/MMT2, with the latter only
reducing by 27%. After testing by cone calorimeter, EP/LDHland EP/LDH2
formed expended, dense and successive residue, whereas the residue produced
by EP/MMT2 was cracked, as shown in Figure 6.26 [53, 59]. Residue of EP/LDH1
has a shell-like structure, whose protective layer is approximately 1 mm thick
with a maximum thickness of up to 5 cm. The residue has superior mechanical
strength and integrity, as well as consistency and adhesiveness. After burning,
the protective layer formed on the surface of sample has a bilayer structure —
the white and porous inner layer is formed by metallic oxide, whereas the
black and compact outer layer is formed by the remaining char (some may be
formed by smog in the air).

As mentioned above, residue of LDH radical nanocomposite has an intercalated
structure with an interlayer distance of 1.28 nm as per the UL94HB test. On testing
by cone calorimeter, diffraction peak cannot be observed in the XRD pattern of the
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Figure 6.26: Char residue after testing by cone cal:orimeter.

Table 6.4: Data of cone calorimeter of EP-based nanocomposites [53].

Sample Amount of PHRR (kW-m~2) mHRR mHc mMLR mSEA TTI

residue (% dropping) (kw-m>) (m)kg™®) (gm2s7?) (m2kg™?) (s)

(%) (% dropping)

EP 3.3 1181 533 26 23 750 109
EP/MMT2 8.6 862(27) 477(11) 23 21 773 110
EP/LDH1 8.4 715(40) 382(28) 23 17 724 98
EP/LDH2 9.5 584(51) 347(35) 22 15 743 112
EP/APP 90.1 491(62) 105(80) 17 6 720 78

(external radiant power is 35 kWem™2; error of PHRR, MLR and SEA is +10%; error between Hc and
TTl is +15%; all data are the average values of the same three samples; sample is a 100 mm square
plate with a thickness of 8 mm)

residue. In fact, the test conditions between UL94HB and cone calorimeter are dif-
ferent. In UL94, the flame used in the sample test is the only heat source, and
hence, the char residue cannot be oxidized after the flame self-extinguishes. Con-
versely, the residue was exposed to external radiation until the sample removed the
devices (about 2 min) during burning and self-extinguishing in the cone calorime-
ter. After the flame self-extinguished, EP/LDH radical nanocomposite still has a
strong incandescence light which oxidizes the char residue to CO and CO,. This is
because the degradation products of LDH (magnesium-aluminum oxide catalyst)
catalyze the oxidizing reaction, which forms sparks [61, 62]. Therefore, in the burn-
ing progress, LDH radical nanocomposite first formed an intercalated structure
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between the metallic oxide and the char, and then the intercalary char-containing
residue is oxidized to CO and CO, in a reaction catalyzed by the metallic oxide.

Figure 6.27 [53, 59] shows the HRR curve of the EP radical nanocomposite. After
160 s, HRR of EP/LDH1 and EP/LDH2 clearly reduced, which is related to intercalary
rapid expansion. Therefore, EP/LDH (organic sulfonate modified) is an expansion
system, where EP is the carbon source, sulfonic acid ester is the charring agent and
water and CO, (produced by hydroxide radical thermal decomposition) are the
foaming agents [53].

Figure 6.27: HRR curve of sole EP, EP/LDH1, EP/LDH2, EP/MMT2, EP/APP material (LDH radical
nanocomposite expands at about 160 s) [53, 59].

For reducing weightlessness and heat release, nanocomposites are less effective than
EP/APP, but APP reduces the thermal stability of materials and reduces the TTI by
29%. However, TTI of EP/LDH1 and EP/LDH2 are almost the same. In addition, APP
reduces the mechanical property of EP, whereas the tensile strength, Young modulus
and breaking elongation of LDH radical nanocomposite improve, while at the same
time both the penetrating quality and thermal expansion reduce [25, 26].

Although the flame retardant effect of LDH is worse than APP, there is a syner-
gistic effect between LDH and APP. In fact, for a 3 mm sample, to reach the stan-
dard of UL94 V-0, 30% of APP should be added into epoxy resin; while if 4% of 3-
amino benzene sulfuric acid ester modified LDH is added, the additive amount of
APP only needs to range 16%~20% [53].
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7 The mechanism of smoke suppression

When materials undergo combustion under certain conditions and their compo-
nents are dispersed in the air in the form of solid particles (diameter ranging
1~50 um) forming a dispersed system, smoke is generated. However, smoke is not
merely dust in the air, uncombusted carbon particles, liquid particles and aerogels
but also includes mist from industrial emissions, where solid smoke is considered
to be the nucleus of condensation.

7.1 The relationship between the molecular structures
and smoke of polymers

On combustion, a host of polymers, such as PVC, PS and PU, produce a consider-
able amount of smoke. Moreover, some flame-retardant polymers containing halo-
gen flame retardants and antimony generate significantly more smoke. Even in the
1970s, people were aware that smoke was one of the hazards leading to deaths in a
fire accident, severely delaying the time to rescue people’s lives and property. Un-
derstandably, smoke suppression has become one of the basic requirements for
flame-retardant polymers since 1980s [1, 2].

It is universally acknowledged that the mechanism of flame retardancy in the
gas phase mainly includes trapping the free radicals that assist flame propagation
(such as H:, OH- and 0-), as well as suppressing the oxidation reaction of smoke
precursors formed during combustion, which increases the amount of smoke gener-
ated by such flame-retardant materials. Unfortunately, flame retardancy in the gas
phase is influenced by smoke suppressing agents that play the role of chemical
smoke suppression. Therefore, flame retardant mechanism in the gas phase and
smoke suppression are often contradictory.

The amount of smoke generated in the process of combustion is not an intrinsic
characteristic of a material but is closely related to the measured smoke density of
the material, combustion conditions (e.g., heat flux, shape of the material, presence
or absence of flames, etc.) and experimental environment (e.g., temperature, volume
of the combustor, ventilation, etc.) [3-5]. In addition, the molecular structure of a
polymer also affects the amount of smoke generated in the process of combustion.

The amount of smoke generated during combustion varies from polymer to
polymer. Polymers that can be depolymerized into monomers (acetal, PMMA, nylon
6, etc.) can undergo complete combustion and generate little smoke, whereas aro-
matic polymers that can produce high polymers with aromatic rings (such as PVC)
generate more smoke on combustion.

Polymers with aliphatic hydrocarbons on the main chain, particularly those
containing oxygen atoms in the main chain, produce relatively small amounts of

https://doi.org/10.1515/9783110349351-007
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smoke, whereas polymers containing benzene rings on the main chain produce rel-
atively large amounts of smoke. Polyenoid polymers containing benzene rings on
the side chains generate significantly more smoke. This is possibly because the pol-
yenoid carbon chains can produce graphitized carbon microparticles through cycli-
zation and polycondensation, whereas polymers which have benzene rings on the
side chains, such as polystyrene, can easily form conjugated double bond unsatu-
rated hydrocarbons; these carbon chains then carbonize through cyclization and
polycondensation, producing large amount of smoke.

Polymers containing halogen produce considerable smoke, however, the
amount of smoke generated is out of proportion to the amount of halogen.

With increasing thermal stability of polymers, smoke generation tends to de-
crease. Consider polycarbonate and polysulfone, for example, which produce rela-
tively small amounts of smoke during pyrolysis because volatile products reduce as
a result of the formation of bulk carbon residue in the condensed phase, thus reduc-
ing the amount of smoke generated.

The introduction of heteroatoms into polymers results in reducing the flamma-
bility and increasing the smoke generation properties, which may be related to the
incomplete oxidation of the volatile decomposition products of the polymer.

Interestingly, PVC and polyvinylidene chloride (PVDC) are significantly different
in terms of smoke generation. The smoke density of the former is seven times than
that of the latter, which may be due to different decomposition mechanisms. PVC
forms an aromatic nucleus after dehydrochlorination, whereas PVDC does not. The
maximum specific optical density (Dm) of different polymers listed in Table 7.1 [6] ex-
plains the abovementioned phenomenon. The maximum specific optical density of a
few other polymers is listed in Table 7.2 [8]. However, the data presented in the two
tables and the testing mechanisms used are different, which results in no strict com-
parison between them.

Table 7.1: Smoke generation properties of different polymers (determined
according to the XP smoke box of Rohm Hass Company).

High polymer Dm High polymer Dm
Acetal 0 PVDC 98
PA6 1 PET 390
PMMA 2 PC 427
LDPE 13 PS 494
HDPE 39 ABS 720
PP 41 PVC 720

In particular, the amount of smoke generated by flame-retardant polymers (by add-
ing flame retardants) is usually high. For instance, gas-phase flame retardants pro-
mote smoke production as a result of inhibited oxidation effect. Some smoke
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Table 7.2: Smoke generation properties of different polymers (determined according to the NBS
smoke box).

High polymer Dm

Combusting Smoldering
PS (The sheet thickness is 6.35 mm) 780 395
PTFE 53 0
PVC (The sheet thickness is 6.35 mm) 780 315
ABS (The sheet thickness is 6.35 mm) 780 780
RUPF (Flame retardant) 500 170
PC (The sheet thickness is 6.35 mm) 324 48

P fi inf he sh hick

.U (Glass fiber reinforced, the sheet thickness 290 420
is 2.80 mm)

suppressants that are conducive to oxidation interfere with the flame retardancy
of smoke suppressors, indicating that the functions of flame retardants and
smoke suppressors are often contrary to each other. However, some fillers (e.g., Al
(OH);, Mg(OH),, etc.) possess both flame retardancy and smoke suppression prop-
erties. The replacement of Sh,03 in the halogen/antimony system with zinc borate
can also reduce smoke generation without the restrictions of flame retardancy of
deterioration of materials. In addition, materials with intumescent coating materi-
als also boast of the double functions of combustion retardancy and smoke
suppression.

There are two ways to reduce the amount of smoke. One is using polymers
with relatively low smoke generation (achieved by the structural design of the pol-
ymers as well as structural modification). The other is using chemical methods or
incorporating smoke suppressors (or fillers) into plastics. For example, the com-
bustion of phenol-formaldehyde resin produces a high amount of carbon with low
smoke generation, and some heat-resistant thermoplastics (mainly polyether and
polysulfone) also produce little smoke. However, even though some commonly
used plastics generate a high amount of smoke, they cannot be replaced by other
less smoke generating materials on account of a series of advantages. Therefore,
the first way to reduce the amount of smoke is rather limited; and the application
of a chemical method is also hardly employed due to the associated high cost.
Thus, it has become a practical method to add smoke suppressants (or fillers) as
additives (or fillers) into plastics to reduce the amount of smoke generated. The
formation of a porous carbon layer with isolation function on the surface of poly-
mers also results in smoke suppression. Table 7.3 lists the various smoke suppres-
sion methods and examples of applications and possible mechanisms. This
section is limited in the discussion of the smoke suppression mechanisms of
smoke suppressor additives.
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Table 7.3: Smoke suppression methods and applications.

Methods Examples Suitable polymers Possible Mechanism

Adding smoke Ferrocene PVC Promote carbonization and
suppressors soot combustion

Adding smoke Fumaric acid PU Foam Plastics Change PU dissociation modes
suppressors

Adding inert fillers Silica Various thermoplastics Dilution of incombustibles

and elastomers

Adding active Aluminum hydroxide Various thermoplastics Promote carbonization and
fillers and elastomers reduce mass combustion rate
and dilution

Surface treatment Intumescent coating Various plastics

Surface isolation and reduce

Structural Polyurethane/ .
the mass combustion rate
modification polyisocyanurate
Structural CPVC (chlorinated
modification polyvinyl chloride)

7.2 Smoke suppression mechanism of molybdenum compounds

Molybdenum in molybdenum trioxide and ammoniummolybdat is hexavalent, and
its oxidation state and coordination number can be easily changed, which makes
molybdenum trioxide and ammoniummolybdat possible flame retardants and smoke
suppressors functioning in the solid phase instead of the gas phase. The smoke sup-
pression mechanism of molybdenum compounds are most likely through the Lewis
acid (LA) mechanism that promotes the formation of a carbon layer and in turn re-
duces the amount of smoke. It has been proved that the flame-retardant properties of
molybdenum trioxide are not affected by oxidation medium during combustion, and
90% or more of the molybdenum is present in the char residue in the condensed
phase during the combustion of the PVC of ammonium molybdate. In addition, the
amount of char retained in the test samples is more than double after adding two phr
of molybdenum trioxide into the semi-rigid PVC. This is consistent with the flame-re-
tardant mechanism in the solid phase. It is proposed that the addition of molybdenum
compounds into PVC catalyzes the dehydrochlorination of PVC to form trans-polye-
noid, which cannot be cyclized into aromatic rings that are the main components of
smoke. Some hold that molybdenum compounds can form crosslinked polymer chains
by metal bonding or reductive coupling of the carbon-chlorine bond to reduce the
contribution of combustibles to the fire. It is also suggested that molybdenum com-
pounds can form the nucleus of aromatic smoke, which are firmly bonded into the
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metal/aromatic polymer composites. The exact smoke suppression mechanism of mo-
lybdenum compounds is still uncertain. [9-11].

The smoke suppression of MoOs to PVC is considered to be carried out mainly
in the condensed phase, and its mechanism is shown by eq. (7.1) [9]

Benzene — Smoke

e

Cis, Trans-polyene
(71)

PVC ") ) Carbon

Crosslinked polymer
) /
Trans-Polyene (4)

Hence, smoke suppression of hexavalent molybdenum may be because of the catalytic
effects of the following three reactions, (1) PVC dehydrocholorides to form trans-polye-
noid; (2) cis-form polyenoid isomerizes to form trans-polyenoid (3) Polyenes crosslink
through Friedel-Crafts alkylation reaction or a Diels-Alder cyclization reaction. When
PVC dissociates to form a large number of trans-polyenoids, the amount of benzene
can be reduced because it needs at least 1 Mol of cis-form diene to form 1 Mol benzene.

The crosslinking of carbocation led by Friedel-Crafts reaction can be described
by the following reaction: the Lewis acid captures chlorine from PVC to form a car-
bocation which is then alkylated to polyenes (eq7.2) [9]

TTTT

Cl Cl Cl Cl

+LA / \ -nHCL
-LA™+Cl
Y\‘/W NS N NS NS

Cl Cl Cl

(72)

— = etc.

Cl Cl Cl
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Hexavalent molybdenum compound mainly promotes the isomerization of poly-
ene at approximately 200 °C (changed from the cis form to trans form). At high
temperature, the cracking reaction of cationic of polyene occurs which increases
the amount of fuels that can be combusted in the gas phase, hence reducing the
amount of smoke while improving the flame propagation. Therefore, if the acidity
of Lewis acid is weak, it is useful for the smoke suppression of PVC, however if
the acidity of Lewis acid is strong, it may have a negative impact on flame
retardancy.

MoO; mainly acts as a coupling agent of the Lewis acid, while its role of acting
as a reductive coupling agent is not important. There is significant evidence to
prove this. First, the reductive coupling agent should be able to suppress the dehy-
drochlorination of PVC, but MoOs can significantly increase the speed of dehydro-
chlorination of PVC, which is the function of the Lewis acid. Second, Mo (IV) is not
easily oxidized and cannot directly promote reductive coupling. For reductive cou-
pling, Mo (IV) must have thermal reducibility.

Finally, any PVC treated by MoOs; or MoO,Cl, has failed to provide reliable evi-
dence of reductive coupling reactions. Similarly, some high-valence iron compounds
and certain metal salts are also Lewis acid smoke suppressors.

7.3 Smoke suppression mechanism of iron compounds

Currently, ferrocene is a frequently used smoke suppressor, which is a type of iron
compound. Ferrocene has no impact on the flammability and char yield of PVA, but
in the case of PVC, it increases the char yield by 20%-60% and relatively improves
the oxygen index by 15%-19%. Ferrocene, however, considerably reduces the
amount of visible smoke during the combustion of both polymers (PVA and PVC).
The influence of ferrocene on the amount of visible smoke is also related to the mo-
lecular weight of PVC. Ferrocene can accelerate the loss of thermal mass and cross-
linking of PVC in its primary stage based on thermal analysis.

Ferrocene can suppress smoke in both the gas phase as well as condensed
phase. The mechanism of smoke suppression is related to the structure of the poly-
mer, in particular, smoke suppression is related to whether polymers contain halo-
gen. For example, for ABS, ferrocene suppresses smoke mainly in the gas phase; on
the contrary, for styrene-acrylonitrile-chloroprene terpolymer containing chlorine,
it suppresses smoke in the condensed phase [9].

The role of ferrocene and two other organic iron compounds in halogen-
containing and halogen-free ABS polymers is shown in Table 7.4 [9]. The data in
Table 7.4 shows that, for the halogen-free ABS, there is a good correlation between
the amount of reduced smoke and the amount of volatilized metal compounds;
whereas for styrene-acrylonitrile-chloroprene terpolymer (ACS) containing chlorine,
the situation is just the opposite. This proves that, for halogen-containing polymers,
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Table 7.4: Smoke suppression effect of organic iron additives [9].

Polymers . Dm Dm reduction The amount of
additives A
amount /% volatile metal /%
Category Addition amount
(according to iron)/g
(1009)™*
ABS None 440
Ferrocene 5.0 130 70 100
Benzoyl ferrocenes 2.5 175 60 60
Iron acetylacetonate 2.5 310 30 20
ACS None 500
Ferrocene 5.0 380 24 100
Benzoyl ferrocenes 5.0 310 38 60
Iron acetylacetonate 5.0 225 55 20

iron compounds suppress smoke in the condensed phase, whereas for halogen-free
polymers, iron compounds suppress smoke in the gas phase.

One of the smoke suppression mechanisms of ferrocene and its derivatives of
PVC (below is the same) is the formation of highly-active free radicals triggered in
the gas phase (such as OH-); these free radicals then oxidize the smoke particles
into CO, see reaction eq. (7.3) [11]

Cis) + oH" % w (7.3)

In addition, ferrocene and some metallic compounds (such as V,0s and CuO) can
convert some decomposition products formed by PVC into CO, thus reducing smoke
generation.

Moreover, ferrocene and some other metallic compounds can also passivate the
nuclear center and growth steps of the ionization, thus distracting the nucleation
reaction in the formation of soot. In this case, the metal which is heat ionized or
catalyzed ionizabled that firstly attacks nucleation centers, the nucleation centers
are subsequently passivated. Meanwhile, the function of ferrocene or metallic com-
pounds that can occur during the early stages of combustion and lead to the forma-
tion of OH, i.e., soot precursor that is the fused ring aromatic compounds will be
reduced or disappeared, if oxidized. Hence, ferrocene and some metallic compounds
may restrict the formation of benzene and other aromatic compounds in the gas phase.

Smoke suppression effect of ferrocene and several metal oxide compounds in
the condensed phase is to promote PVC surface dehydrochlorination and crosslink-
ing carbonization reaction [13]. In the presence of HCl and trace amounts of oxygen,
ferrocene can form ferrocene positive ions, which may be used as Lewis acid to cat-
alyze the dehydrochlorination, crosslinking and carbonization reactions.
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FeCls, a strong Lewis acid, is also considered to be an effective smoke suppres-
sor system and a carbonization agent containing PVC. FeCls is a catalyst of Friedel-
Crafts-type reaction, and it can be coupled with alkyl chloride (eq. 7.4) and the re-
maining aromatic compounds in the condensed phase to reduce smoke generation
and improve char yield [11]. The formed reactive char residues may also eliminate
H- and -OH radicals formed during the continuous combustion reaction. Lewis
acids such as FeCl; have also been used in a range of high polymers, including pol-
yesters, polyurethane and PS, resulting in reducing the materials’ flammability and
increasing the char yield.

-H,C CH,- -H,C CH,- -H,C CHy~
N/ N/ N/
CH —— +CH FeCl, CH Other products
(L —CHCL— (7.4)
FeCl, -HC=CH- -HC=CH-

7.4 Reductive coupling smoke suppression mechanism

Some additives containing low-valence transition metals can promote PVC cross-
linking for smoke suppression through the reductive coupling mechanism of poly-
mer chains. Smoke suppressors that can facilitate this coupling process are zero-
valence metal compounds formed during the pyrolysis of PVC, including phosphite
esters and other clathrates of monovalent copper, a series of low-valence transition
metal carbonyl compounds, formates and oxalates, monovalent copper halides, etc.
Because of the low acidity of the reductive coupling, they do not lead to cracking of
cations in the char residue. Therefore, using this kind of low-valence transition
metal coupling agent instead of Lewis acid crosslinking agent for PVC smoke sup-
pression is attractive.

Some divalent transitional metal oxalates and formates which are decomposed at
temperatures ranging from 200 °C to 300 °C are usually effective crosslinking agents
of PVC, and hence can be used as smoke suppressors [15, 16]. Zero-valence metal
is formed through reductive reaction, see reaction eqs (7.5) and (7.6)

M(0,CH), — M+ CO5(g) + H,0(g) + CO(g) (7.6)

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

7.4 Reductive coupling smoke suppression mechanism =—— 203

A series of transition metals such as oxalates and formates have been used as smoke
suppressors for PVC. At temperatures of 200 °C-300°C, decomposed oxalates and
formates are usually more effective crosslinking agents.

When additives with transition metals suppress smoke through polymer chains
reductive coupling mechanism promoting crosslinking, the crosslinking can occur
below 200 °C in the solid PVC. When the coupling agent is Cu (0), reductive cou-
pling of allyl chlorides is most likely to occur. However, other collateral couplings
cannot be completely ruled out. Clear evidence of reductive coupling are fast jelling
of polymers while the overall mass loss rate is reducing (tested by TGA), formation
of double bonds (tested by FTIR) and the release of HCl (tested by acid-base titra-
tion) [15, 17, 18]. Reduction reaction and coupled reaction of simple allylhalides and
benzyl halides promoted by low-valence organic metal clathrates proceed according
to the egs. (7.7) to (7.9) [14, 15].

CuOAc /\/\/ 77

H,NCH,CH,NH,

/\/ Cl
@/\Cl CoCl(PPh;), O Q (7.8)
AN
Br

7

2
, Fe5(CO),

(7.9)

Pyridine nitrogen oxide

Isomer

Some suspended solids of high-reactivity metal powders with zero-valence can pro-
mote reductive coupling of allylhalide and benzyl halides. Sometimes it can pro-
mote the reductive coupling of alkyl halide and aryl halide (eq. 7.10).

The mechanism of the abovementioned coupled reaction perhaps involves the
oxidative addition of organic halides to metal centers, which changes the oxidation
state of the metal from O to II or from I to III, forming dihalide and dialkyl group
metallic compounds. The initial metals and C-C bonds are easily formed through
reduction elimination reaction by the latter. However, the abovementioned reaction
involves the mechanism of free radical intermediate.

The following reaction proposes that reductive coupling of PVC occurs under
the condition of dissociation. Therefore, the products of degraded PVC possibly
contain allylhalides groups, which are the reactive center of dehydrochlorination
and the formation of polyenoids. Reductive coupling of allylhalide on the chains of
the neighboring polymers leads to a crosslinking reaction.
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\/\}/ (7-10)
-M(0) W
\/\ M =metal

Furthermore, the coupling can make the allyl halide unreactive, thus terminating the
transmission of dehydrochlorination along with the polymer chains (eq. 7.11) [9, 15].

cl C ca d

-nHCL / \;nHCL
WW \/\/Y\‘/

a a a a
(7.11)
+M(0) | -MCl,
NF
cl
cl
NN

Compared with the Lewis acid, the smoke suppression as a result of reductive
coupling has the following advantages. First, each reductive coupling crosslink-
ing can terminate the growth of two polyene chains at the same time, which can
slow down the degradation of polymer. Especially for the reaction at the allyl
position, reductive coupling crosslinking can inhibit thermal degradation in the
early stages. Second, to some extent, coupling might possibly happen at the posi-
tion of a non-allyl group, which can delay the dehydrochlorination of PVC. The
relatively short polyene chains formed by the allyl coupling can restrict the
amount of benzene and other arenes generated during the pyrolysis of PVC. The
easily reductive metallic additives are not only reductive coupling agents but are
also typical weak Lewis acids, therefore, these metallic additives can also catalyze
the crosslinking of some Friedel-Crafts reactions, which are beneficial to flame
retardancy and smoke suppression, but cannot promote the cracking of carbon
layers.
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A reductive coupling agent should have the following capabilities: @O Metallic
ions can be easily reduced to zero-valent metals; @ In metallic compounds, metals
should be at a relatively low oxidation state; or metal clathrates have oxidizable li-
gands which can be eliminated by thermal reduction, thus forming low-valence or
zero-valence metals; 3 Metallic ions can only be reduced at temperatures consider-
ably higher than the polymer processing temperature; @ The reductive coupling
agents should be inexpensive, colorless and should have no adverse effects on the
polymer formulas; & Over-crosslinking should not be caused within the processing
temperature and time of PVC.

Copper is one of the most effective additive agents for PVC smoke suppression
employing the reductive coupling mechanism. For example, copper compounds
can dramatically reduce the amount of benzene formed during PVC dissociation.
However, when the temperature is within 200 °C-300°C and Cu,O is present in
PVC, the crosslinking degree of PVC is greatly improved and the amount of smoke
generated is largely reduced. In addition, cuprous and cupric compounds can be
used as weak acid catalysts to promote the alkylation of Friedel-Crafts reactions.

Cuprous clathrate is a coupling smoke suppression agent which has the most
potential applicable value because of its excellent color and thermal stability that
can be adjusted through ligand selection. The phosphate esters and clathrates of
copper as smoke suppression agents have better impact on the crosslinking of PVC.

The active zero-valent copper can also catalyze the reductive coupling reactions
of interchains of PVC, which results in the crosslinking of polymers; the active zero-
valent copper then boasts of smoke suppression property. Even at a temperature of
66 °C, the active zero-valent copper can cause intense crosslinking of PVC. How-
ever, zero-valent metals which are simply blended with polymers can not only im-
prove the processing difficulty of polymers but can also not serve as good smoke
suppression agents because such a metal powder will be oxidized by the surround-
ing air, which is detrimental to smoke suppression. Therefore, PVC smoke suppres-
sants with good application prospects should be metal compounds that can
produce free metals during thermal decomposition.

7.5 The smoke suppression mechanism of Mg-Zinc compounds

The effects of flame retardancy and smoke suppression of Mg-Zinc compounds in
semi-rigid PVC are mainly worked in the solid phase by catalyzing solid phase de-
composition, promoting the formation and restructuring of the char layer, such that
it can reduce the formation of benzene and volatile hydrocarbons (lower 1/3—
2/3), more part (70%) remains in the carbon layer. The formation of dense and
low fragile carbon layers and the decrease in total organic volatile compounds
can account for the flame-retardant properties of the additive, whereas the re-
markable reduction in the release of benzene is the main reason for the high
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smoke suppression efficiency of the additive. It is supposed that the reactions
between Mg-Zinc compounds and HCl released from PVC form solid metal
chlorides, which can suppress smoke by interrupting the recombination reac-
tion between the chlorine atom and polyene (formed during the initial phase
of the thermal decomposition of PVC). The recombination of chlorine atom
and polyene largely depends on the irregularity of bonding structures, which
can affect the decomposition of polyene bonds and change the smoke genera-
tion ability of PVC.

7.6 The smoke suppression mechanism of other smoke
suppressors

Some metallic (Ba, Sr, Ca) oxides can also clear soot because they can catalyze hy-
drogen molecules and decompose water molecules to produce H:. H- can further
react with water to form OH:, which can turn soot into CO by oxidation of coal ac-
cording to eq. (7.3) [see egs. 7.12-7.15] [11].

MO +H, —MOH +H.- (7.12)
MOH + H,0 — M(OH), + H- (7.13)
M(OH), + (X) — MO + H,0 + (X) (7.14)
H.+ H,0—OH. +H, (7.15)

The abovementioned mechanism of smoke suppression can also account for the
smoke suppression effect of transition metals and oxides formed by dicyclopenta-
dienyl iron (as a-Fe,03).

ZS and ZHS are efficient flame retardants and smoke suppressants for many
synthetic high polymers because they undergo synergistic reactions with haloge-
nated polymers and halogen-containing polymers. ZHS and ZS can diminish the
generation of smoke, CO, and CO during combustion. In addition, they are less
toxic, safe and effective at low dosages.

Although the mechanism of ZHS and ZS remains unknown, they may act in two
possible ways: (D accumulate char formation from the crosslinking reaction in the
condensed phase resulting in the reduction of combustible volatile products.
@form volatile tin compounds which act as gas phase catalyst to promote the trans-
formation of CO and soot inflame zone. The accurate effect of tin compounds hinge
on their dosage, other additives within the system and the structures and properties
of flame-retardant high polymers [20].

Substituting PS bond with non-aromatic bonds (such as methyl methacrylate or
ethyl acrylate) to crosslink unsaturated polyesters can substantially lower smoke
density [21]. Using carboxylic acids (such as fumaric acid and maleic acid) to
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crosslink unsaturated polyesters is also effective in smoke suppression. Substances
that can promote carbonization can also be used as smoke suppressors of unsatu-
rated polyesters. For example, organophosphate can dehydrate resins and produce
polyphosphoric acid, and when heated, the latter can form a protective layer for
resins to suppress smoke.

For some chlorine-containing unsaturated polyesters, Fe,O; can be used as
smoke suppressing agent because with the chlorine source, for example, in unsatu-
rated polyesters acted on by HET acid as flame retardant, if Fe,05 is added, the latter
changes into FeCls. FeCls is a known strong Lewis acid, which is conducive to cross-
link unsaturated polyesters and promote carbonization. Meanwhile, FeCls; is also a
catalyst for Friedel-Crafts reaction because it can accelerate the coupling reaction
between alkyl chloride and aromatic compounds to keep aromatic compounds
inside, thus the amount of smoke released is reduced [21].

The use of isocyanuric acid ester, imide and carbodiimide can intensify the
degree of crosslinking of polyurethane foam plastics during production, and this
kind of crosslinking structure is beneficial to carbonization and smoke suppres-
sion. Solid dicarboxylic acid, such as maleic acid, m-phthalic acid and HET acid,
have similar effects [22, 23]. It has been reported that some alcohols, such as fur-
furyl alcohol, is also a good smoke suppressing agent for polyurethane foam
plastics [24], the mechanism of which perhaps is that this kind of alcohol can
clear off polyisocyanate caused by polyurethane’s thermal decomposition and
polyisocyanate is the precursor of dense smoke. Moreover, after alcohol has
been oxidized to aldehyde, aldehyde through a Schiff alkali reacts with polyiso-
cyanate and isocyanate, forming a crosslinking structure in the condensed
phase. Many phosphorus compounds can also be used for promoting carboniza-
tion and smoke suppression of polyurethane foam plastics. In addition, dicyclo-
pentadienyl iron, some metal chelates and potassium tetrafluoroborate or
ammonium tetrafluoroborate are also effective smoke suppressing agents for
polyurethane foam plastics because all of them have similar effect as Lewis acid
in the condensed phase.

Some inorganic and organic iron compounds also can be used as smoke sup-
pressing agents for PVC and PVC blends. For example, ferric oxide hydrate is effec-
tive in suppressing the smoke of PVC-C/ABS blends. Because, on the one hand,
FeOCl and/or FeCl; formed originally can catalyze the crosslinking of Lewis acid
and then produce large amount of carbon; on the other hand, FeCl; reacts with ben-
zene produced during the decomposition of PVC and PVC-C and then produce chlo-
rinated aromatic compounds [25, 26].

8-quinolinol heavy metallic (Fe, Mn, Cr) salt, copper salts, lead salt and free
radical initiator of phthalocyanine (for instance tetraphernl-lead) can react with ar-
omatic compounds in the gas phase, and therefore, all can be used as smoke sup-
pressing agents for styrene plastics [27]. Recently, the properties and smoke
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suppression mechanisms of a new metal hydroxides [28] and thermal decomposi-
tion silica gel [29] in styrene plastics were reported.

Adding some polymers produced by the crosslinking of silane into PE/metal hy-
droxides can substantially improve the flame retardancy and smoke suppression
properties of materials, which is also applicable to other plastics [30]. As a smoke
suppressing agent, zinc borate is applicable to a series of plastics such as PVC,
polyolefin, polysiloxane and fluoroplastics. Apart from suppressing smoke, zinc bo-
rate also possesses properties such as flame retardancy, anti-smoldering, electric
arc resistance and promoting carbonization.

Smoke suppression of plastics is a complicated issue that requires understand-
ing the mechanism of smoke formation and methods of controlling the combustion
of materials. Some achievements have been made in this field, for example, rele-
vant comprehensive theses have been issued concerning the mechanism of smoke
suppression for molybdate [4], achievable approaches for suppressing smoke,
mechanisms of smoke suppression and combustion [5], the impact of fillers to the
amount of smoke and toxic gases generated [31].

Nowadays, flame retardancy and smoke suppression have been given equal im-
portance because a flame-retardant material with large smoke generation has little
applicable value. Therefore, smoke suppressing agents and their mechanisms have
been given high importance in recent years. Currently, several smoke suppressing
agents and their mechanisms mainly aim at PVC, but more and more are being
applied to other plastics. Effective smoke suppressing agents include molybdenum
compounds (AOM, MOM and MoOs3), iron compounds (dicyclopentadienyl iron),
metal compounds, zinc stannate and Mg-Zinc compounds. Approximately 2%—4% of
such smoke suppressing agents can reduce the amount of smoke generated by PVC
and styrene plastics by 30%-50%, while improving the flame retardancy of plastic.

The low-valence transitional metal compounds being researched and developed
are reductive coupling smoke suppressing agents and new flame retardants, some
of which can be used in smoke suppression of PVC as a substitute for some Lewis
acid smoke suppressing agents.
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8 Technical means on flame retardation
mechanism

8.1 Cone calorimetry
8.1.1 Principles and measurable parameters

Cone calorimeter was successfully developed by Dr. Babrauskas of the U.S. National
Bureau of Standards (NBS), now called the U.S. National Institute of Technology and
Standards (NITS) [1] in 1982. At present, cone calorimeter has become one of the
widely used equipment to determine the flame retardancy and flame retardation
mechanism of materials. Figure 8.1 shows the basic structure of a cone calorimeter
[2]. The working principle of a cone calorimeter is to calculate the heat released from
the test samples when they undergo combustion under different external radiant
heat sources by measuring the required amount of oxygen, because when high poly-
mers consume 1 kg of oxygen during combustion, they release 13.1 mJ of heat [3]. For
most plastics and rubbers, this value is almost the same, such that following flame
retardancy parameters [3], including heat release rate (HRR), can be measured: @
the maximum HRR or peak heat release rate (PHRR) is the peak value of the HRR-
time curve which reflects the maximum intensity of combustion, characterizing the
spread and extent of combustion; HRR is regarded as the most important parameter
to predict the combustion risk; @ the average heat release rate (mHRR), mHRR often
refers to the average HRR from the ignition of the sample to combustion for 3 min; G
the combustion thermal effects — effective heat of combustion (EHC), total heat re-
lease (THR); @ the mass loss rate (MLR); & the amount of smoke generation (specific
extinction area (SEA), smoke parameter (SP) = SEA x PHRR); © the combustion per-
formance index (FPI), the ratio of time to ignition (TTI) to PHRR - the higher the ratio
is, the smaller the combustion; @ the generation volume of CO and CO; ® the char
yield; 9 the TTI, time required for the entire surface to produce sustained flame com-
bustion, usually observed by visual determination.

8.1.2 Operation

In a cone calorimeter, the test sample under the heater is ignited. The surface area
of the test sample is 10 cm x 10 cm, and the thickness can be up to 5 cm. If the
surface is not very irregular, the test requirements can be satisfied. The radiation
intensity of the heater is controlled by three evenly distributed thermocouple ther-
mometers, which are usually set at 25 kWm 2, 50 kWm 2, 75 kWm ™ or 100 kWm >
[3]. During measurement, the distance between the sample and heater is 25 cm, and
the igniter should be placed 13 cm above the sample. After spark ignition, the

https://doi.org/10.1515/9783110349351-008

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110349351-008

EBSCChost -

212 —— 8 Technical means on flame retardation mechanism

Figure 8.1: Basic structure of Cone Calorimeter [2]. 1 — Laser smoke meter and thermometer;
2 — Exhaust blowers; 3 — Thermometer and differential manometer; 4 — Ash sampling tube;
5 — Soot collector; 6 — Exhaust gas sampling tube; 7 — Exhaust hood; 8 — Cone heater;

9 - Electric igniter; 10 — Test sample.

combustion gas generated during the pyrolysis process will be dispersed through
the exhaust system. By continuously measuring the oxygen concentration and flow
rate of the exhaust system, the relationship between the HRR and time can be cal-
culated. On choosing a sample in the exhaust system, the oxygen, carbon monoxide
and carbon dioxide content in the exhaust gas can be analyzed using a gas ana-
lyzer. Test samples can be placed horizontally or vertically; however, the test sam-
ples and their brackets should be placed on a very sensitive balance to measure
weight loss rate during combustion. However, samples with an uneven surface,
very thin samples, as well as some composite materials do not fit in the cone calo-
rimeter. The sampling system, oxygen analyzer and temperature controller of the
cone calorimeter should be regularly calibrated.

Cone calorimeters are equipped with sophisticated and advanced testing systems
(such as laser photometer) and data processing systems, which can automatically re-
cord the changes in the abovementioned flame retardancy parameters during the test-
ing process; moreover, cone calorimeters can be combined with a variety of chemical
measuring instruments as per the user demand, for example, the online Fourier trans-
form infrared spectroscopy (FTIR), the latter can identify a variety of products gener-
ated during the combustion of materials. Exhaust gas samples can also be collected
using an exhaust gas sampling tube, following which oxygen, carbon monoxide and
carbon dioxide can be measured by a gas analyzer. Some previous studies have re-
corded the HRRs of many materials measured by the cone calorimeter. A previous
study also proposed a simplified cone calorimeter, which measures the weight loss
rate of materials and temperature instead of measuring oxygen consumption. The typ-
ical HRR and MLR curve measured by cone calorimeter is discussed in Chapter 6.
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8.1.3 Features

Cone calorimeters have the following features [4]: (1) they do not require heat
insulation while determining the heat release, and can conduct combustion in
open conditions; the reaction can also be visually observed; (2) the design of
the cone calorimeter can balance the heat distribution of samples on the sur-
face; (3) monochromatic light is adopted to measure the smoke generation
property; (4) horizontal placement of the sample is good for heat distribution.
In addition, cone calorimeters can also be used to assess the overall perfor-
mance of materials related to combustion hazards, such as the smoke parame-
ter (Sp) (the product of maximum HRR and average specific extinction area or
the product of HRR and the specific surface area) of materials and smoke factor
(Sf) (the product of the total amount of smoke and HRR). Previous experiments
have proven that Sp measured using a cone calorimeter has a certain relation-
ship with the extinction coefficient (Ce) measured using a large-scale combus-
tion test (Formula 8.1) [2]:

1g S, =2.241g C, —1.31 (8.1)

There are at least four additional correlations for the test results of a cone calo-
rimeter [4]: (1) the specific peak extinction area is parallel to the peak measured
by the calorimeter; (2) the specific extinction area of simple fuels combusted in a
conical calorimeter can be well connected to that of similar fuels combusted at a
similar rate in large-scale experiments; (3) the maximum HRR predicted by cone
calorimeter data correlates well to the results of the corresponding large-scale
combustion test; (4) the function of the total heat release and ignition time can
accurately predict the flash time of some wall lining materials large-scale
experiments.

Cone calorimeter can also be used to study the pyrolysis and the related
kinetics of polymers during combustion, and the result is more consistent
with the behavior of the polymers during the combustion stage than that
using the thermogravimetric method because the cone calorimeter can provide
better heat, heating rate and heat transfer mode, which is close to the real
fire hazard.

8.2 Radiation gasification assembly
Radiation gasification assembly (RGA) was developed at the end of the 20th century

in the U.S. to provide evidence for the deduction of flame retardation mechanism,
and can be used to simulate the thermal decomposition of polymer materials of the
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solid phase in combustion heat radiation. The schematic of the structure’s device is
shown in Figure 8.2 [5].
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Figure 8.2: Schematic drawing of RGA [5].

For RAG measurements, materials placed in a single inert gas atmosphere (e.g., N,
air excluded) only undergo single pyrolysis rather than oxidation pyrolysis and
combustion, thus preventing interference in pyrolysis in the solid phase of materi-
als from combustion flame. However, in an oxygen atmosphere, RGA may cause
combustion reaction.

RGA is equipped with a water cooling device that can stop the pyrolysis or com-
bustion at any time. Thus, it can help to get a series of solid phase residues from
pyrolysis or combustion, which is very helpful to understand the process of pyroly-
sis or combustion as well as analyze the flame retardation mechanism.

RGA can be used to determine the MLR of the samples during pyrolysis or com-
bustion and the bottom surface temperature of the samples. The measured MLR can
be associated with the HRR measured by the cone calorimeter because MLR is
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caused by volatile gases produced during pyrolysis or combustion; further, the
combustion of gaseous products releases heat during combustion with oxygen.

Similar to the cone calorimeter, RGA also has a cone heater, with temperature
measured by a thermocouple, providing heat flux close to combustion conditions.
RGA also has a visible window and camera that can observe the morphology of the
samples at different stages of pyrolysis or combustion.

The gaseous products produced during pyrolysis or combustion in RGA can be
sent separately and identified by the online detector. Solid phase residues are often
observed by wide-angle X-ray diffraction (XRD) and transmission electron micros-
copy (TEM). The MLR curves measured by a radiation gasification device have been
discussed in Chapter 6.

8.3 Laser pyrolysis device

Laser has the characteristics of large energy density and short heating time
(100 pm~500 pm), which fits the pyrolysis speed of high polymers. In addition, fewer
secondary reactions occur in the laser pyrolyzer (LP), and hence, the graph is relatively
simple. However, the shape, color and dosage of samples used in LP affect the results.
To obtain better reproducibility, the amount of samples should not be too much due to
the limited depth of penetration of the laser. Furthermore, the temperature of LP can
neither be measured nor be accurately controlled. Figure 8.3 shows an LP device that
can be used to study the flame retardation mechanism of polymer nanocomposites.

Raman Spectrograf
micro‘sgze and detector

CO, LASER S ¥
head Raman
analyer LASER
LASER
stand Evolved gas
Power exhaustion
source To FTIR online
gas analysis

Figure 8.3: Laser pyrolysis device [6].

The LP shown in Figure 8.3 is equipped with a CO, laser and Raman-infrared micro-
scope. When the CO, laser beam is incident on the samples, it is still within the infra-
red range and can simulate combustion effects on the samples. LP is installed with a
universal laser controller, which can control laser power by pulse width modulation
(PWM). For lasers, the standard frequency is 5 kHz, and its power can be changed.
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The cycle of the samples irradiated by the laser can be modulated through grid con-
trol. The pyrolyzer is installed on the chassis. With the help of a special reflector, CO,
laser beam can be focused on the surface of the samples. The samples are placed on
top of the probe before irradiated by the laser, namely when they are; the probe is
located under a Raman-attenuated total reflection infrared (ATR) microscope.

The gaseous products generated by the pyrolysis of the samples are analyzed
using an online infrared spectrometer, and the chemical changes and morphology
on the surface of the samples are monitored using Raman microscopy technology
or ATR technology. Raman microscopic analysis helps characterize the structure of
the solid phase of the samples and the interaction in multicomponent.

Microthermal deformation on the surface of the samples and thermal conduc-
tivity of the samples are measured using microthermal analyzer. The measuring
temperature range is from 25 °C to 250 °C, and the heating rate is 5°C/s [6]. Scan-
ning electron microscope (SEM) is used to analyze the additives in the samples.

8.4 Differential thermal analysis and differential scanning
calorimeter

8.4.1 Fundamental principles

The differential thermal analysis (DTA) measures the temperature difference (AT)
between the samples and the reference materials at temperature (T) or change in
time (t), that is, when the samples and the reference materials (a-Al,Os, silicone)
are heated or cooled under the same temperature, the temperature difference (AT)
with the change in temperature (T) or time (t) are measured in DTA; further, a DTA
curve is plotted to analyze the thermal behavior of the sample.

There are two kinds of differential scanning calorimeters (DSC), namely, heat
flux differential scanning calorimeter and compensatory differential scanning calo-
rimeter. The principle of the former is similar to that of DTA, but is more accurate
than DTA in quantitative analysis. The latter determines the relationship between
the required heat and temperature (T) when maintaining the temperature difference
between the samples and the reference materials as zero. The samples and refer-
ence materials (or the use of an empty vessel without a reference material) of the
compensatory DSC require respective heaters and detectors, and regardless of the
endothermic or exothermic nature of the samples, both the samples and reference
materials can maintain the same temperature during the temperature programing
(or cooling/constant temperature) as the compensator can increase or decrease
heat. Only while measuring the compensation power can the curve of the relation
between the heat flow rate (dH/dt) and temperature (T), namely the DSC curve, can
be obtained. Heat flux DSC and compensatory DSC are illustrated in Figure 8.4 [7],
and typical DTA and DSC curves are shown in Figure 8.5 [9, 10].
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Figure 8.4: Schematic diagram of DSC [7, 8].
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Figure 8.5: DTA and DSC curve of typical polymers [9, 10].
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DTA usually qualitatively determines the transformation temperature of the
samples according to the position of the peak. As the accuracy of the quantitative
processing is poor, it is frequently used in inorganic analysis. On the other hand,
the resolution, reproducibility and accuracy of DSC are better than that of DTA, and
hence can be used for quantitative processing and are also suitable for polymer
determination.

DTA is suitable to measure high temperatures (up to 1500 °C~1700 °C, ultrahigh
temperature furnace can be up to 2400 °C), whereas DSC only reaches 700 °C. The
position of the peak of the DTA and DSC curves can decide the corresponding tem-
perature change. The area of the peak can help determine the changing thermal ef-
fect, and the shape of the peak can help understand the dynamic characteristics of
transformation.

8.4.2 Operation

Both solid and liquid samples can be for DTA and DSC. Solid samples should be
paved in vessels as densely and uniformly as possible to increase the packing den-
sity and reduce the thermal resistance between the samples and the vessels. For
volatile liquids, a pressure-resistant sealed plate should be used. An aluminum
dish should be used in DTA and DSC; however, when the temperature is above
500 °C, plates resistant to high temperatures should be used (such as platinum,
aluminum oxide, graphite).

Before or after using the thermal analyzer, the baseline temperature and heat
should be calibrated. The baseline should be straight, without any curves or slopes,
and should not exhibit endothermic or exothermic peaks. The temperature and
heat should be calibrated according to the melting point and melting heat of stan-
dard pure substances within the temperature range.

The main factors that affect the measurement, including sample volume, heat-
ing rate and atmosphere, need to be marked out in the measurement result.

The sample volume is generally 3 mg~5 mg (changes with thermal effects),
and the heating rate is generally in the range of 5°C min '~20 °C min"’, however,
both these parameters affect the sensitivity, resolution and measuring tempera-
ture. Low heating rate and large sample volume can lead to better resolution and
sensitivity. The DTA and DSC curves of high polymers determined under different
heating rates are different — the faster the heating rate, the higher the peak tem-
perature and the wider the peak shape. It is better for the atmosphere to be N,, Ar,
H, (or air sometimes), and the flow rate is generally 10 mL ¢ min~* (preferably con-
stant); oxidation and corrosion can be avoided in an inert gas atmosphere. The
measured results in an air atmosphere and inert atmosphere are not the same,
and the difference between the two can explain the oxidation reaction of certain
high polymers.

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8.4 Differential thermal analysis and differential scanning calorimeter =— 219

8.4.3 Application

DTA and DSC are commonly used to measure melting/crystalline transition tempera-
ture [melting point (T,,) and the equilibrium melting point (T,,%)], glass transition tem-
perature (Ty), specific heat capacity and composition of multicomponent polymers.

When testing T,, of polymers using the DSC curve, the accuracy can be up to
+1°C. In general, T, can be determined by the intersection (B) of the tangent of
the maximum slope of the peak and the baseline or by directly making the temper-
ature of peak point A (Figure 8.6) [11]. However, both the sample volume and heat-
ing rate can affect the peak temperature. Fast heating rate and large sample
volume can increase the measured Tp,.

Instrument baseline

Isothermal baseline

Figure 8.6: Calculation of T,, using the DSC curve [11].

T’ is the melting temperature of high polymers with a perfect crystal structure,
and is generally extrapolated by Hoffman — Weeks equation from Ty, (as it cannot
be directly measured) ( eq. 8.2).

Tm =Tw’(1-1) +nTc (8.2)

In the above equation, n is the thermal stability of the crystal, whose value is be-
tween O and 1 (the smaller the n value, the higher the thermal stability of the crys-
tal), and T, is the temperature of the crystal sample.

When measuring T, using DSC, it is preferable to determine the temperature at
point B, where the extension of the glass baseline and the extension of the transi-
tion region intersect, or to determine the temperature at point C, which corresponds
to half of the specific heat variation as T, (Figure 8.7) [8].

Glass transition is not an equilibrium process, implying that the higher the
heating rate (usually within 10 °Cemin '~20 °Cemin™!) becomes, the higher the
measured T, will be.

For multicomponent polymers, DSC can be used to measure the compatibility
of all the components. The compatibility is determined by T, if the measured T, of
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Figure 8.7: Measuring T, using DSC curve [8].

multicomponent polymers is between the T, of two pure components, implying that
the multiple components of the polymer are compatible.

If a high polymer displays two T, values, then its components can be considered
incompatible. In addition, if the polymers contain one or more crystalline polymers,
their compatibility can be determined by the changes in Ty, T. (crystallization tem-
perature), X. (crystallinity) and X, (crystallization rate) compared to the pure state.
For example, the T,, of some crystalline components for multicomponent polymers
clearly decreases when it is in a relatively pure sate; this system is then termed com-
patible system. The composition of multicomponent polymers can be confirmed by
the conditions of high polymers ( egs. 8.3 to 8.5).

(1) Incompatible, amorphous multicomponent polymers in an amorphous
phase

Xi= Cpi/ACpi (83)

Where x; represents the i content (%); cy; is the increase in the specific heat capacity
of the constituent i in multicomponent polymers in the glass transition region; Acy;
is the increase in the specific heat capacity of pure components in the glass transi-
tion region.

The specific heat capacity (C) can be obtained by the sample heat absorption
rate or HRR (dH/dt) and heating rate (dT/dt) using the DSC method. Heat capacity
can be expressed as dH/dt = cm-dT/dt (where m is the mass of the sample).

(2) Compatible, amorphous multicomponent polymers in an amorphous phase

1/Tg=x1/Tg1 + %2/ T (8.4)

Where T, T, and T, represent the T, (°C) of multicomponent polymers, compo-
nent 1 and component 2, respectively; and x; and x, represent the content (%) of
component 1 and component 2, respectively.

(3) Incompatible, crystalline multicomponent polymers containing crystal
components

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8.5 Thermogravimetric analysis =— 221

Xj= AHmb/AHm (85)

where AHmb and AHm represent the melt enthalpy of crystal components and mul-
ticomponent polymers, respectively; and xi is the content of component i.

8.5 Thermogravimetric analysis

TG analyzer is used to test the change in weight with change in temperature or time
when a material is heated. Weight is usually measured using a thermal balance; it
actually measures the change in electric current to determine the change in weight.

TG analyzer consists of a heater, thermostat, microthermal balance (a core
part), amplification and recording device. Figure 8.8 present a schematic of an elec-
tromagnetic microthermal balance

Figure 8.8: Schematic of an electromagnetic microthermal balance [11]. 1 — beam; 2 - stent;
3 —induction coil; 4 — magnet; 5 — scale pan; 6 — light source; 7 — baffle; 8 — sylvatron; 9 — weak
current amplifier; 10 — heater; 11 - sample pan; 12 - reaction tube.

Different sample utensils for thermogravimetric analysis can be made of aluminum,
glass, platinum, ceramic, etc. Based on the sample properties and testing tempera-
ture, such as DSC, some factors may influence the results of thermogravimetric
analysis, including sample weight, heating rate and atmosphere. Fine particles
weighing between 2 mg and 5 mg can be appropriate samples and should be paved
evenly in the utensil (Exact measurement can reach 0.1 ug using a thermobalance).
If the quantity of the sample is more than the required amount, the mass transfer
resistance and internal temperature gradient increases. The heating rate should be
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maintained between 1°C/min and 10 °C/min. Fast heating rate increases the tem-
perature hysteresis and reduces resolution. Atmosphere has significant effects on
thermogravimetric curve, especially under conditions that it interferes with the
thermal decomposition of the samples. Common atmospheres include air, nitrogen
and vacuum. In general, the gas flow rate is 40 ml/min, and larger gas flow rate
benefits both mass and heat transfer. In addition, deviation of the sample weight
loss is due to recondensation, revolatilization and buoyancy of volatile components
generated during the thermal decomposition of the sample by thermogravimetric
analysis. TG and DTG curve can be measured by thermogravimetric analysis.

In general, initial decomposition temperature and weight loss temperature at 1%,
3%, 5%, 10% and the termination decomposition temperature of 50% can be noted in
the TG curve (Figure 8.9). Initial decomposition temperature refers to the temperature
of point A, where the TG curve starts to deviate from the baseline (epitaxial initial de-
composition temperature refers to the temperature shown at intersection B). Termina-
tion decomposition temperature is the temperature at point D, the highest weight loss
of samples. At the temperature of point E, point F and point G, as shown in Figure 8.9,
the sample weight loss is 5%, 10% and 50%, respectively.
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Figure 8.9: Determining the decomposition temperature of the samples using TG curve. A — The initial
decomposition temperature; B — Extension of the initial decomposition temperature; C — Termination
decomposition temperature epitaxy; D — Termination decomposition temperature; E — 5% decomposi-
tion temperature; F — 10% decomposition temperature; G — 50% decomposition temperature (half-life
temperature).

DTG curve has a trapezoidal form when denoting the mass change rate of samples at
different temperatures and different times. Some parameters can be calculated by the
DTG curve, such as the initial decomposition temperature, temperature of the maxi-
mum decomposition rate (peak temperature) and the termination decomposition tem-
perature. All these parameters can be used in quantitative analysis (peak area

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

8.6 Thermodynamic analysis =— 223

corresponds with mass change) and differing reaction stages, which helps in analyz-
ing decomposition mechanism. Typical DTG curves can be found in Chapter 6.

Thermogravimetric analysis is commonly used to evaluate the thermal stability,
component analysis and kinetics of thermal decomposition of polymers. It can also
be used to study some chemical reactions in high polymers.

The most common and simplest method to analyze the thermal stability of dif-
ferent high polymers is to compare their TG and DTG curves and then evaluate their
weight loss rate and weight loss temperature.

When the TG curve is used to analyze the composition of high polymers, the inflec-
tion points of the TG curve (because of the different decomposition of multiple compo-
nents) are frequently used. For example, on comparing the TG curves of single PP and
PP comprising fillers (as shown in Figure 8.10), we can observe that at temperature
ranging 480 °C-500 °C single PP undergoes complete decomposition, whereas PP with
fillers retains 45% of its initial mass; thus, confirming that the initial filler content in
PP was approximately 45%. At temperature ranging 750 °C-800 °C, PP with fillers
undergoes 3.5%-4.0% mass loss, which may be caused by another filler in the sample.

Figure 8.10: Determining the filler content of
PP composite by TG curve [10].

When TGA is used to study the kinetics of the thermal decomposition of high poly-
mers, multiple heating methods are usually adopted; that is, testing the TG or DTG
curves of polymers under different heating rates, and then applying the integral
method (Ozawa) or calculus method (Kissinger) according to the basic kinetic for-
mula. The activating energy (E), reaction order (N) and pre-exponential factor (A) of
the thermal decomposition can be obtained by plotting curves.

8.6 Thermodynamic analysis

Thermodynamic analysis (DMA) is used to study the changes in the dynamic me-
chanical properties of high polymers under vibrating conditions (under the effect of
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alternating stress). The essential parameters governing the dynamic mechanical
properties are storage modulus E’, energy loss E”” and loss factor tan8. Dynamic me-
chanical properties of materials are used to measure the impact of various factors
(intrinsic and extrinsic) on E’, E” and tan9.

DMA can be used to determine the elastic and viscous properties of polymers, as
well as the transition temperature (e.g., T¢), with an accuracy better than that of DSC,
and can also work continuously in the range of transitional heat or frequency. In addi-
tion, the dynamic mechanical properties of high polymers in DMA, compared to static
properties, is closer to the reality. Deformation modes of DMA include stretching,
bending, compression, torsion and shear. The vibrating modes of DMA include self-
vibration damping, forced resonance, forced non-resonant and acoustic propagation.

Consider forced resonance as an example which imposes periodically varying
forces or moments to the samples to test their amplitude. When the applied force
frequency is the same as the resonance frequency of the samples, the sample shows
the maximum amplitude. When the resonance frequency of the maximum ampli-
tude of the sample is measured, modulus and damping can be calculated using ex-
isting formulas. One of the fixed free vibration instrument of forced resonance
method is the vibrating reed instrument illustrated in Figure 8.11.
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Figure 8.11: Schematic diagram of the dynamic vibrating reed instrument [7].

One end of the vibrating reed instrument is held to the vibrator while the other end
is free. When oscillator frequency is the same as the fixed frequency of the samples,
the amplitude of the samples reaches its maximum. The resonance frequency at the
maximum amplitude of the samples can be tested using a detector; eqgs. 8.6 to 8.8
can be used to calculate E’, E” and tand, respectively.
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E'=(38.24pL*f,?) /h% E” = (38.24pL*f, Af;) /0’ (8.6)
tan 6= Af, /f,=E"/E’ 8.7)
E’'=E'tané (8.8)

where E’ is storage modulus (Pa); p is density of the samples (gcm>); L is the free
end of the sample length (cm); F, is the resonance frequency (Hz); h is the thickness
of the samples (cm); E” is the loss modulus; Af, is half-width of the frequency,
which is the difference between the frequencies at 1/1/2 or 1/2 of the higgest ampli-
tude; Tand is the loss tangent.

Figure 8.12 shows the dynamic mechanical spectroscopy of linear amorphous
polymers [11].
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Figure 8.12: Dynamic mechanical spectroscopy of linear amorphous polymers [11].

DMA samples can have different shapes and different sizes, however, their sizes should
be measured as accurately as 0.1%. Moreover, the samples should be uniform, smooth
and free of any impurities and bubbles. DMA can undergo temperature (T) scanning
and time (t) scanning because its basic parameters (E’, tand and E”) are associated
with T, f and t. Characteristic temperatures of T4, Tf (temperature at transition from
high elastic state to viscous flow state), Ty, Tg, Ty, Ts, etc. of high polymers as well as
modulus and damping can be obtained through the temperature spectra of DMA. The
temperature spectra of DMA can be used to study the transition temperature, impact of
temperature resistance (high and low temperature), low temperature toughness, effects
of structural parameters on the performance of polymers, along with the investigations
of process (such as curing) and quality control. For example, T, can be determined
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according to the E’-T curve or Tand-T curve. DMA can determine T, more accurately
and intuitively. In addition, it can also test the changes in high polymer E’ and damp-
ing in a wider temperature range to provide more comprehensive and scientific evalua-
tion of material properties by combining T, and E’.

8.7 Electron microscopy

Electron microscopy (EM) images the interaction between an electron beam and the
samples under investigation. EM has a high magnification (approximately 106 times)
and high resolution, which helps in determining the minimum distance of two neigh-
boring particles (even at the scale of 0.1 nm to 0.2 nm). Optical microscopes cannot
be compared with EM, which is a powerful tool to study the structure of polymers.

Only two types of EM are discussed in this article, namely the transmission
electron microscopy (TEM) and scanning electron microscope (SEM) which are illus-
trated in Figure 8.13 and 8.14, respectively.

8.7.1 Transmission electron microscopy

TEM functions by projecting electron imaging (by directly projecting electron and
elastic or non-elastic scattering) and diffraction. TEM mainly consists of a light
source, an objective lens and a projection lens. It is similar to an optical micro-
scope, with the major difference being that it uses an electron beam to replace a
light beam, while also using magnetic lenses to replace glass lenses.

Resolution, magnification and contrast are the three basic elements of TEM.
The larger the aperture, the shorter is the electron wavelength (depending on the
acceleration voltage), ultimately resulting in higher resolution. The magnification
of TEM is the ratio of visual resolution (approximately 0.2 mm) to EM resolution
(0.2 nm), i.e., of the order of 10°. Further, its contrast is related to imaging the elec-
trons of samples undergoing imaging, as well as the thickness and density of sam-
ples. If the sample is thicker and denser, its image will be darker.

TEM can only measure solid samples; the samples should be clean and without
any volatile components, and are not damaged by the electron beam within the ob-
servation time.

The thickness of TEM sample is generally less than 100 nm. The samples are
placed on a metal mesh during the test. In case of some small samples, the samples
must be used with a transparent supporting film (such as a plastic film). For a non-
conductive polymer, it is better to have a metal film on the surface to reduce surface
charge accumulation. To increase contrast, the samples need to be stained (such as
0s0,) at times. To obtain a clear image, the samples sometimes need special
treatment.
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8.7.2 Scanning electron microscopy

Compared with TEM, SEM has a wide magnification ranging from 20 to 100 thou-
sand times featuring better focus, three-dimensional image, simple sample prepara-
tion and lesser damage to the samples. SEM is particularly suitable to study the
morphology of the polymer surface; even samples with a rough surface can be
tested using SEM. Therefore, it is an important method to study the three-dimen-
sional structure of polymers. SEM is electronic imaging detected by secondary elec-
tron and background scattering. The three basic elements of SEM are resolution,
magnification and contrast.

SEM samples only need to be stuck to an aluminum seat by a double-sided
adhesive, however, the bonding technique must be paid attention to so that the
surface charge of samples can be conducted.

The basic requirement for the samples of SEM is the same as that of TEM. How-
ever, not only the preparation of SEM sample is simple but there are also some mod-
ern SEM instruments, for example, the so-called environmental scanning electron
microscopy (ESEM) that can simulate environmental working situation, without
metallization film for a non-conductive polymer. This can aid the observation of
watery and oily samples, and perform dynamic variation research on the sample
by thermal and mechanical simulation.

Figure 8.13: Structure of a TEM [8].
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Figure 8.14: Structure of an SEM [9].

8.7.3 Application in polymer research

EM is used to study the morphological structure of crystalline and amorphous high
polymers and composite systems of multiphase materials (blends, composites,
etc.), as well as toughening mechanism of two-phase systems.

EM is widely applied for flame-retardant polymers. When combined with XRD,
EM can provide more information on the structure of the material. As for high poly-
mers acted on by flame retardants/inorganic nanocomposite, when inorganic fillers
(e.g., montmorillonite) are inserted by polymer macromolecules, intercalated or ex-
foliated composite material will be present among lamellas, which can be clearly
seen in the TEM images A typical EM diagram has been shown and discussed in
Chapter 6.

Further, optical microscope can be used for observing the surface of carbon
layer. Figure 8.15 is the optical microscopy image of residual carbon of the coatings:
PU, PU/EG and PU/APP processed for 15 min at a temperature of 800 °C [12].

There are cracks in the residual char surface of the PU coating; in the residual
char of the PU/EG coating, EG fragments are observed mainly; a large area of the
char carbon surface of the PU/APP coating has deformed, but there are no visible
cracks.
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Figure 8.15: Optical microscopy image of the three coatings processed for 15 min at a temperature
of 800 °C [12].

8.8 Wide-angle X-ray diffraction method
8.8.1 Principle and equipment structure

X-ray methods are divided into wide-angle (26 = 5°~165°) X-ray diffraction method
(WAXD) and small-angle (20 = 5°~7°) X-ray scattering method (SAXS). Only WAXD
method is discussed in this book.

When X-ray irradiates the crystal, atoms can scatter X-rays in different direc-
tions (with atoms becoming the secondary X-ray source), but only when the scatter
direction is in the direction of the optical path difference of the scattered rays equal-
ing the incident X-ray wavelength, the intensity of scattered rays can be enhanced
due to the superposition, which can be observed experimentally. In other direc-
tions, scattered rays are reduced or eliminated. The beam of the maximized inten-
sity is called X-ray diffraction ray, while its direction is termed diffraction direction.
X-ray diffraction follows Bragg’s law ( eq. 8.9).

2dsinf=nA (8.9)

where n represents diffraction order, which is an integer; A is the wavelength of
the X-ray, which is a known number; 0 is the diffraction angle, which can be
experimentally measured. Interplanar spacing d can also be computed according to
Bragg’s law.

X-ray used for polycrystalline materials should be monochromatic. For testing
high polymers, a copper target is commonly used.

During experiments, a photographic method (making photographic negatives)
and counter method are adopted to record X-rays. A proportional counter is based
on the proportion of the current intensity generated by the ionized gas and X-ray
intensity. A scintillation counter is based on the photoelectric conversion of the
fluorescence generated by X-rays striking on the crystal.

Polycrystalline diffraction of X-ray diffraction refers to WAXD analysis of crys-
talline or crystalline aggregate samples, which can be divided into polycrystalline
photographic method and polycrystalline diffraction method.
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Polycrystalline photographic method is also termed powder photography,
which uses a special camera with a special film to record the diffraction intensity
and diffraction direction of the sample. Photographic negative features can be used
to directly determine sample crystallization, grain orientation, orientation degree,
etc. Polycrystalline diffraction method utilized the gas ionization effect of X-ray and
undergoes conversion, amplification and selection to derive the relevant diffraction
orientation and the diffraction degree graph. According to the peak, spike and in-
tensity of the graph, the phase, crystallinity, grain size, grain orientation of the
sample can be analyzed. Polycrystalline diffraction instrument consists of X-ray
tube, goniometer and counter. A typical diffraction graph has been illustrated in
Chapter 6.

At present, polycrystalline diffraction method has replaced polycrystalline pho-

tographic method in many aspects. The X-ray diffraction structure is presented in
Figure 8.16 [8].
Polycrystalline X-ray diffraction method can be used for @ qualitative identification
(compared with the reference spectrum); @ phase analysis (crystallization and type
of crystallization); 3 crystallinity (crystallization orientation, grain size, poly-
morphs) of the polymers.

8.8.2 Role of X-ray diffraction in studying flame retardation mechanism
X-ray diffraction is used to analyze ordered structures as illustrated in Figure 8.16,
while the char layer formed by IFR is mainly unordered. However, to study some of

carbonization processes of the IFR system with layered additive (EG, MNT), X-ray dif-
fraction is still a useful method.

Figure 8.16: The X-ray diffraction structure [8].
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X-ray diffraction curve of the residue can be obtained under four different
stages of mass loss in radiation gasification plant (N, atmosphere, heat flow
50 kW/m?) for PA6, clay (unmodified), PA6/clay (5%) and PA6/clay [13] (as pre-
sented in Figure 8.17) [13].
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Figure 8.17: X-ray diffractogram of various materials [13] The intensity of PA6 and PA6/clay is only
10% of the measured value.

On comparing the abovementioned X-ray diffraction curves for the samples, we can
observe that PA6/clay contains y crystalline phase (PA6 has a crystalline a phase),
possibly because silicate is helpful in the formation of phase vy, that is, the clay has
changed the crystal structure of the substrate PA6. The comparison between the
combustion residues of PA6/clay and original PA6/clay shows that the crystalline
phase and the clay layer spacing in the original PA6y have been reduced. As for the
residues with weight loss of 38%, PA6 disappears. However, the clay layer spacing
in the residues is still larger than the original clay layer spacing, demonstrating

EBSCChost - printed on 2/14/2023 1:08 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



232 =— 38 Technical means on flame retardation mechanism

that the clay layer may capture some organic in the residues. X-ray diffraction
curve of the residue also shows that, under high temperatures, PA6/clay can gener-
ate a small number of extremely heat-resistant graphite structured materials (26 is
at the peak of 26.5° and 27.38°).

8.9 X-ray photoelectron spectroscopy
8.9.1 General principles and equipment structure

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis, is a useful method applied to analyze material surface. It is also
one of the important methods to study the fire retardation mechanisms of polymers.

XPS measures energy; when the monochromatic X-rays act on the sample, the
sample can emit photoelectrons. Therefore, electronic energy photoelectron spec-
trometer can measure the data by responding to the energy of the photoelectrons.
On plotting intensity (usually expressed as a count or counts/second) and electron
energy, we can get the XPS spectrum (Figure 8.18).

Figure 8.18: XPS spectra of residual
char N1s of phosphorus/nitrogen
compounds after combustion [14].

Electron kinetic energy (E)) is a physical parameter that can be measured by
energy disperse spectroscopy, but is relevant with the photoelectron energy of the
used X-rays. Thus, Ej cannot reflect the intrinsic properties of the test substance,
while electron binding energy (Eg) is better at identifying electrons.

Indeed, Ep = hv-E;-W (hv is the photon energy and W is the work function of
spectrometer). As the three values on the right side of the equation are already
known or can be measured, it is easy to calculate electron binding energy through
spectrometer’s monitoring systems and data processing systems. Therefore, XPS
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electronic energy was Eg. Because of the different chemical environments of
atoms (ions, molecules), the Ey also changes, which is the so-called chemical shift
phenomenon in XPS. That is to say, XPS atomic energy in different chemical envi-
ronments have small differences, and hence, almost all elements in the Periodic
Table are presented in the chemical shift (from less than one electron volt to sev-
eral electron volts). Chemical shift is the cornerstone technology for XPS analysis.

All electrons with electron binding energy less than photon energy can be dis-
played in XPS spectra, hence, the XPS spectra can accurately reproduce the elec-
tronic structure of atoms. XPS can detect all elements except H and He. Figure 8.18
[14] shows an XPS spectra of residual carbon Nis of phosphorus/nitrogen com-
pounds after combustion.

The main information provided by full-scan XPS spectra relate to the ele-
ments and their chemical bonds (element’s chemical states), which can be
used for the qualitative and quantitative analysis of metals, semiconductors,
ceramics and organic matter. The samples can be solids (powders, fibers, etc.)
or viscous liquids, however, the surface of the samples should not be polluted.
The analyzing depth varies 3 nm~10 nm, and the resolution depth is approxi-
mately 1 nm.

XPS device consists of ultrahigh vacuum system, injection system, X-ray
source, energy analyzer, scanning and recording system, etc. (Figure 8.19) [8].

Figure 8.19: The XPS structure [8].
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XPS can be used to study the conditions of material surface including element
species, element existence state and the condition of chemical bonds. It can also be
used to study the geometric construction (crystalline, amorphous) of the material
surface, the surface atomic motion (diffusion, vibration) and surface electrons
structure (spatial distribution and energy distribution).

8.9.2 Application in flame retardation mechanism

Furthermore, XPS is a useful tool to study the chemical composition of the carbon
layer formed after the combustion of flame-retardant materials, as well as to under-
stand the function of fire-retardant systems in the condensed phase [15]. Being simi-
lar to ssNMR, XPS can not only provide information regarding certain elements but
can also provide information regarding carbon layer elements; thus, it can be used
as a supplement to ssNMR. For example, in nitrogen compounds, its hard for °N
ssNMR to identify the surrounding environment of the N because the abundance of
5N is only 0.4%; thus, the signal is in general very weak. IR, >*CNMR and 'HNMR
cannot be directly used to identify nitrogen-based substances in char layers. How-
ever, XPS is a convenient analytical tool to study nitrogen compounds in carbon
layers. Meanwhile, information from XPS can also be used to identify intermediates
oxidized during the degradation of the protective char layer [16].

For the epoxy resin/APP/polyethylene polyamide system, some research [17]
has investigated additives in the system through XPS studies. The results show
that, if the system uses manganese dioxide and calcium borate, an inorganic
structure can be formed on the surface of the intumescent coating, and the metal-
containing carbon tubes can be conducive to the formation of foam coke with cer-
tain structure. Because of improved thermal properties (such as heat capacity)
and mechanical performance, the efficiency of the flame retardancy of the system
also improves.

Using XPS to analyze char layer containing EG [18], the elements of the char
layer, carbon concentration and oxidation of char layer can be obtained. Table 8.1
[18] lists the elements of the carbon layer formed by the intumescent coating with
EG and without EG (coating raw consists of acrylic resin/APP/PER/MA). In the char
layer containing EG, the char enrichment degree is very high, and the antioxidant
activity in the flame is very strong.

Table 8.1: Elements formed by the char layer coated with EG and without EG [18].

Sample 0% C% P%
Coating with EG 18.8 74.7 6.4
Coating without EG 40.2 51.8 8
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8.10 Infrared spectroscopy and Raman spectroscopy
8.10.1 Infrared spectroscopy

Infrared spectroscopy (IR) is a molecular vibrational spectroscopy, whose radiation
energy is much less than that of ultraviolet radiation. Infrared can only stimulate
vibration and transition of rotation levels among nucleus in molecules to study
molecular structure by measuring the energy level transition. Infrared wave has a
wavelength of 0.75-100 pm, which can be divided into the near infrared, middle
infrared and far infrared. Because the mid-infrared radiation can identify the molec-
ular structure and chemical composition of organic compounds, it is most widely
used. When we mention IR, it generally refers to the mid-infrared range, with wave-
number ranging 4000 cm~400 cm ™.

The scan rate of the traditional infrared spectrometer is rather slow with low
sensitivity; however, the newly developed Fourier transform infrared spectroscopy
(FTIR) can determine all frequencies with a short scan time, high sensitivity and
resolution, and hence, is widely used currently.

The ordinate of infrared spectra is linear transmittance or linear absorbance,
and the abscissa is the wavenumber of light (cm™).

In general, an automatic dual-beam scanner consists of a light source, sample
cell, monochromator, detector, amplifier and recorder. Its working principle and
structure are illustrated in Figure 8.20 [19].

The infrared light emitted from the light source (S) can split into convergent
light beams of equal strength after being reflected — one beam goes through the
sample cell (test beam), and the other goes through a bunch of reference cells (ref-
erence beam). Subsequently, the two beams go through the monochromator en-
trance slit S, alternately after dispersion by the grating (G), and then they pass the
slit S,; finally, they focus on the detector (D) by the light filter. If the sample does
not absorb infrared radiation, the two light beams are of equal intensity; if the sam-
ple absorbs infrared radiation, intensity of the two beams becomes different,
whereas the signal of the reference beam is much stronger than the other. However,
after covering a part of the light by an optical comb A, the energy of the two beams
equals that of the test beam. When it reaches equilibrium, the detector does not
give alternating signals.

Rotation of the monochromator grating changes the wavelength of the mono-
chromator continuously in the infrared region, and the speed of the recording
matches with the rotation speed of the monochromator grating. Therefore, as the
intensity of infrared radiation absorbed by the samples are different, and the degree
of shading by the optical comb in the reference beam changes, the linkage between
the optical comb and recording pen helps draw the transmittance of special wave-
length on the spectra.
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Figure 8.20: Working principle and structure diagram of dual-beam infrared spectrometer [19].

Spectral analysis

Before spectral analysis, it is helpful to investigate odor, solubility, thermal analy-
sis, elemental composition (qualitative identification), as well as the other features
of unknown samples.

The three elements of infrared spectral analysis are the spectrum peak posi-
tion, shape and intensity. Figure 8.21 is the FTIR spectra of flame-retardant
HIPS [11].

The spectrum peak position refers to the characteristic vibrational frequency
of the band, which can determine specific functional groups in samples, while
the fingerprint region can determine the fine structure of the compounds. Band
shape can be used to study the molecular association, molecular symmetry, rota-
tional isomeric, tautomerism, etc. On the other hand, band intensity is associ-
ated with molecular content and the variation rate of the dipole moment during
molecular vibration, which forms the foundation of quantitative analysis. In
fact, when analyzing infrared spectra, although usually information provided by
certain bands is enough to judge the molecular structure of the samples, the in-
fluence of the substituent functional groups on the frequency and interference
of the impurities due to water bands should be taken into consideration.
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Figure 8.21: The FTIR spectra of flame-retardant HIPS[10].

The easiest approach for spectral analysis is to compare the sample spectra
with the known spectra of standard samples, although different conditions of sam-
ple preparation affect the position, shape and intensity of the band. The category of
test samples can be determined according to the characteristics of group frequency;
the negative and positive method can also be used to determine which groups exist
in the unknown samples.

Sample preparation technique
1. Solid sample

(1) KBr compression method is the most commonly used method. This method
involves smooth grinding of the sample (approximately 1 mg) with dry po-
tassium bromide (approximately 100 mg) in an agate mortar, and then
pressing it into an almost transparent sheet.

(2) Grinding method. In this method, 2-5 mg of the sample is grinded into a
powder, and 1-2 drops of paraffin oil (Nujol) or fluorinated kerosene or
chlorine 1,3-butadiene are added, followed by grinding the sample and
placing between sodium chloride chips.

(3) Powder method. In this method, after grinding the sample into a powder,
the sample is spread onto the surface of a volatile solvent. The solvent is
then evaporated on the salt window, thus giving a uniformly thin layer of
the sample.

2. Liquid sample

Drop the sample onto two polished salt windows to form a liquid film for

testing.
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During the measurement of infrared spectra of the polymer, thin samples should be
prepared due to their strong absorption capacity. For polymers that can be dis-
solved, appropriate solvents can be chosen as liquid samples.

Infrared spectroscopy is used to qualitatively determine the polymer type, sepa-
ration and analysis of the polymer mixture; moreover, it can be used to quantita-
tively determine the chain structure of the polymer (the proportion of each
structure, grafting, etc.) according to the law of light absorption rate, as well as
studying the reaction mechanism and polymer kinetics.

Polarized infrared, infrared attenuated total reflection (ATR), photoacoustic
spectroscopy (PAS) and other modern technologies have extended the application
range of infrared spectra. ATR is applied to achieve the figure by recording the in-
tensity of light reflected multiple times (30-50 times) and the corresponding wave-
length (the peak and its position only slightly differ than those of FTIR). ATR is also
a powerful tool to analyze the surface of the materials (such as surface grafting
modification), and the variable angle ATR-FTIR can also be used to study the re-
gional structure of different layers.

8.10.2 Laser Raman spectroscopy

General principles

Raman spectroscopy is a scattering spectrum. When a monochromatic light is inci-
dent on a sample (in gas, liquid or a transparent crystal state), the light gets scat-
tered. If the frequency of the scattered light is the same as the incident light, the
phenomenon is termed as Rayleigh scattering. If the frequency of the scattered light
is on both sides to the frequency of the Rayleigh light (their strength is 10 of Ray-
leigh light, 1078 of the incident light), the phenomenon is termed as Raman scatter-
ing. In Raman scattering, if the wavelength is longer than that of Rayleigh light, it
is termed Stokes line, and if it is shorter, it is termed anti-Stokes line. The frequency
difference between Stokes lines and anti-Stokes line and the incident light is termed
Raman shift. Because the Stokes line has much greater intensity than the anti-
Stokes line, the Raman spectrum always sets the former to investigate the Raman
frequency shift (Av).

Raman spectroscopy measures the Av (Av has nothing to do with the frequency
of the incident light). During Raman spectroscopy, Av is the abscissa and the scat-
tering intensity is the ordinate. Figure 8.22 shows the Raman spectra of PP, along
with the infrared spectra of PP for comparison [11].

Because Raman spectroscopy is weak, it is appropriate to use strong lasers as
light sources to enhance the intensity of the Raman scattered light, namely, laser
Raman spectroscopy. Because lasers have great strength, strong direction, small
emission angle, and small focusing area, a few samples (0.5 pm) can obtain the
Raman spectra, thus limiting qualitative identification and quantitative analysis.
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Figure 8.22: Raman spectra of PP (left) and infrared spectroscopy (right) (less than 1600 cm) [11].

Although the intensity of Raman scattering can estimate the molecular concentra-
tion of the tested sample, there are many influencing factors that require internal
standard method or contrast method for quantitative analysis.

Of course, Raman spectroscopy can also use Fourier transform technology to
form Fourier transform Raman spectroscopy (FT-Raman), improving signal-to-noise
ratio by accumulation.

Raman spectrometer is similar to infrared spectrometer, consisting of light
source (laser), sample cell, monochromator and detector/recorder.

Raman spectra and infrared spectra are both molecular vibration spectra, provid-
ing similar information; their qualitative factors are the same, namely the frequency,
intensity and peak shape. However, in Raman spectroscopy, the depolarization ratio
(the degree of removing polarization) characterizes the level of molecular symmetry
vibration modes. There are both similarities and differences between the infrared and
Raman spectra; the absorption frequency of infrared is equivalent to Av of Raman,
and multiple bands in both correspond to the vibration of some functional groups in
the molecule. For most functional groups, stretching vibration frequency in the infra-
red are fairly close to the Av value of Raman, however they arise due to different
mechanisms, such as infrared absorbtion, Raman scattering. While infrared is gener-
ated because of changes in the dipole moment generated by molecular vibrations,
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Raman is generated by the induced dipole moment changes. Therefore, infrared is
sensitive to polar groups whereas Raman is sensitive to non-polar groups. Both infra-
red and Raman can provide complementary information. Some groups can be de-
tected by infrared easily, while other groups are easily detected by Raman, hence,
they are often compared with each other (Figure 8.21).

Raman spectroscopy can be used for qualitative identification of polymers and
structural analysis (structure, conformation, crystallinity, etc.); it can also be used
for quantitative analysis and investigating the reaction and thermal degradation of

polymers.

Applications in flame retardant mechanism

Laser Raman (LR) can also be used to identify different carbon layer structures. In
this aspect, it can be a complement with ssNMR. The literature [20] provides a good
overview of LR regarding the flame-retardant mechanism. LR in graphite can provide
lots of defects of the information about defects in the internal structure and the elec-
tronic graphite, which finally complements the carbonization process [21, 22].

A previous study [23] applied LR to investigate the structure of the expanded
carbon layer formed by LLDPE Halogen IFR. Researchers placed several samples in
a tube furnace for thermal degradation in air stream. The generation of the residue
LR shows that, if expandable graphite (EG) is present in the materials, a peak can
be seen at approximately 1575 cm™. For the LLDPE/NP28 system (a P/N compound),
there will be two broad peaks at approximately 1575 cm ™' and 1350 cm ™. Therefore,
the former has an ordered structure of C-C vibration with no internal defects in
graphite. Different IFR forms different carbon layers after combustion, which may
be ordered graphite or a disorder system.

A previous study [24] applied LR to investigate the thermal stability of un-
treated and silane-treated cotton fiber. For the silane-treated cotton fiber LR, in
the range of 3200 cm™ to 3500 cm™), the peak is much stronger and narrower in
the ordered phase; with increasing OH concentration, crystallinity also increases.
In the crystalline phase, silane reaction does not occur. The improvement in the
degree of crystallinity is due to the mobile segment, which decreases secondary
chemical bonds in the amorphous phase. The structural change shows that the
silane treatment improves the thermal stability of cotton fiber because the amor-
phous phase of OH on thermal degradation was more sensitive than OH in the
ordered phase.

ssNMR can only be used in in-situ applications, whereas LR can be used for test-
ing the changes on heating specimen surface. For example, a previous study [25]
applied LR by adding nano-MMT and silane (BSil) into the APP (75)/polyol(25) sys-
tem for PP to check its impact on the material surface and interface modification.
The result shows that the synergistic effect of MMT is limited, but the effect of BSil
is good.
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Figure 8.23 [25] shows LR after heating and treating by two systems, namely, a
PP/MMT (4%) and PP/MMT (4%)/BSil (2%). For the former, LR does not change
after heat treatment; while for the latter, the peak of BSil coated with MMT can be
clearly seen (enriched on the surface) after heat treatment. When MMT is coated
with BSil, its surface energy can be significantly reduced, which makes it easy to

A 250°C treated
8000 vt |
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=
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2
= ‘
2000 \E\:&‘
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Figure 8.23: PP/MMT (4%) and PP/MMT (4%)/BSil (2%) Raman spectroscopy [20, 25]. (After 2 min
treatment at 250 °C-300 °C).
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migrate to the surface and stabilize it, forming a flexible protective layer on the sur-
face to improve the flame retardant efficiency.

8.11 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy uses molecular irradiation with electro-
magnetic waves with MHz frequency, long wavelength and low energy. Electromag-
netic interaction with magnetic nuclei exposed to a strong magnetic field results in
resonance transitions of the latter in an external magnetic field, thereby producing
absorption signal. This absorption is termed nuclear magnetic resonance spectros-
copy (NMR).

NMR is one of the most useful tools for the identification of molecular structure
and composition. NMR can directly obtain quantification results from the spectrum
peak area without using a known standard sample as long as there is sufficiently
high resolution. The ordinary NMR using ligiud sample, solid state NMR can deter-
mine the solid sample.

NMR used for organic samples is usually a proton and carbon-13 NMR, denoted
as "HNMR (or PNMR) and >CNMR.

8.11.1 Nuclear magnetic resonance

Figure 8.24 shows the pulse Fourier-nuclear magnetic resonance (PFT-NMR) [26]
composed of a magnet (permanent magnet or an electromagnet), radiofrequency
emission system, signal receiving system and signal control, processing and display
system, probe and sample holder.

8.11.2 Proton nuclear magnetic resonance spectrum

The main information of "HNMR spectrum includes D chemical shift values (§) that
confirms the chemical environment and nuclear magnetic environment of hydrogen
atoms; @ coupling constants (J), inferring the relationship and structure of atoms
around hydrogen; 3 absorption peak area (S), determining the number ratio of hy-
drogen atoms in various molecules. Figure 8.25 is the 'HNMR spectrum [10] of syn-
diotactic PS pattern.

Chemical shift (6)
6 is used to show the distance between the resonance peak in different chemical en-
vironments and the resonance peak of other reference materials (tetramethylsilane is
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Figure 8.25: "THNMR spectrum [10] of syndiotactic PS pattern.

usual) in "HNMR spectrum. We cannot accurately determine the absolute value of 6,
and hence, the relative value is often applied, which is determined by the resonance
peak of the reference material as the origin point and the relative distance between
the origin point and other 'H peak as & (ppm).

The value of § in various 'H in organic compounds depends on their electronic
environment. If the effect of magnetic field on 'H is shielded by an electron cloud,
the resonance signal appear in a high field; with shielding effect on 'H, resonance
signals appear in the low field.

Coupling constant (J)

J measures the spin-spin coupling generated due to the effect of the external mag-
netic field and the electromagnetic field caused by the spin of the neighboring pro-
ton. Through spin-spin coupling, NMR single peak is split into multiple peaks, and
the distance between the split lines is called J. Using J, the relative position of cou-
pling nuclei can be speculated.

Peak area (S)

S indicates NMR signal intensity which is the area under the peak absorption. S
value is proportional to the number of protons generating this set of signals. Com-
parison of S values can determine the relative number of various proton types.
NMR signal area is measured by the electronic scoring, and is usually expressed
by ladder curve in the spectrum. When the line starts from low to high field, it
implies that the step height is proportional to S value. If the formula of the
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compounds is known, the actual number of protons can be calculated through S
(or step height).

Analysis of spectrum

Using the three aspects mentioned above, especially the relationship between 6
and J and its molecular structure, the spectrum of 'HNMR can be analyzed. The
following constitutes the general procedure for spectral analysis: @ calculate the
ratio of the hydrogen atoms in different groups according to the relative area of
each peak signal; @ calculate the single peak first through &, followed by cou-
pling peak; 3 using other experimental techniques further define the structure.
For example, the addition of deuterium oxide can determine the location of
hydrogen.

For some complex spectra, it is difficult to determine the molecular structure
only by relying on 'HNMR, and meanwhile, they need mutual cooperation with
other analytical tools.

Further, a more common and convenient method is to compare the unknown
sample with the standard pattern of known compounds to determine the unknown
sample.

8.11.3 Carbon-13 NMR spectroscopy

BCNMR is very useful in studying the carbon backbone structure and carbon
affiliation.

Compared with 'HNMR, *CNMR has lower sensitivity because the gyromagnetic
ratio of °C is only 1/4 of the 'H, and the natural isotopic abundance of °C is only
about 1.1%, making the sensitivity of >C NMR only 1/6000 of the proton spectra. In
addition, the chemical shift range of >CNMR is about 300 ppm, 20 times higher
than that of 'HNMR, with a higher resolution. Further, >*CNMR can directly deter-
mine molecular skeleton and obtain information such as C=0, C—N and quaternary
carbon atoms that cannot be detected in 'HNMR spectra.

Similar to hydrogen spectrum, carbon spectrum can also determine the
structure of the compounds by the intensity of the absorption peak, peak po-
sition, peak spin-spin splitting and coupling constants. However, because of
the decoupling technique, the peak area is affected, which is different from
the hydrogen spectrum in that the carbon peak area cannot be accurately de-
termined by carbon number, while the most important factor is the chemical
shift.

In the carbon spectrum, the chemical shift of each group is broadly consistent
with the sequence of the hydrogen spectrum. Figure 8.26 is a syndiotactic PS of
BCNMR spectrum [10].
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Figure 8.26: PS (syndiotactic) **C NMR spectrum [10].

8.11.4 NMR spectra determination

Sample should be of sufficient purity, and solid samples must match the solution
(except solid NMR). The sample solution is generally 0.4 ml (10% concentration),
with 1%~2% TMS as the internal standard. For liquid samples with low viscosity,
NMR can be measured directly.

A 4 mm sample tube is commonly used; if the sample volume is very small, a
0.025 ml microtube can be adopted. The solvent should be free of protons with a
low boiling point, should not react with the sample, and should have sufficient
solubility to the sample. Some commonly used solvents include D,0, CDCl; and
CDsSOCDs. Non-solvents are also used such as CCl, and CS,.

8.11.5 Solid-state nuclear magnetic resonance

For information about the function of ssNMR in the flame retardation mechanism,
please refer to literature [20].

Because the flame retardant system involves many materials (including combus-
tion residues) that are generally insoluble in the solvent used in NMR measurement,
we can only use ssNMR to measure its spectra. sSNMR is a powerful analytical tech-
nique especially to study the formation of IFR carbon layer along with its composition
and structure, and can also determine the relationship between the chemical structure
of the material and the time and temperature during combustion. For example, APP
derivatives with boric acid (HBOs) for epoxy resin coating, that thermal degradation
mechanism have been researched through "BssNMR and >'PssNMR. Figure 8.27 is a
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spectrum [27] of 'BssNMR when the mixture of single HBO; and APP/HBO; was heated
to 450 °C. Similar patterns can be observed for boron oxide and phosphate. On compar-
ing the four lines we can see that heating APP/HBO; to 450 °C generates boron phos-
phate, with an NMR peak of § = -30 ppm. Figure 8.28 is an atlas of >'PssNMR
measured when APP/HBO; at different temperatures is compared with boron
phosphate [27]. Boron phosphate showed strong peaks of B-O-P bond in § = —30 ppm
in the spectra of APP/HBOs;, at temperature under 95 °C or 150 °C, there is no peak at
8 = -30 ppm, implying that at this point there is no formation of boron phosphate;
whereas for spectra at 300 °C and 450 °C, in the peak of 8 = -30 ppm is very strong,
but the other peaks are weak. This implies that the phosphorus in APP has been con-
verted into boron phosphate. Therefore, when APP/HBO; is used for coating epoxy
resin, because of the presence of boron phosphate, the char layer displays high
mechanical strength and excellent heat resistance, as well as good adhesion to the
substrate and flame retardancy.

Figure 8.27: ™'B ss NMR spectrums [20, 27]. 1 - HBO5 under 450 °C; 2 — APP/HBO; under 450 °C;
3 - Boron oxide; 4 — Borophosphate.

'H ssNMR can also be used to investigate the structure of the char layer. Because
the char layer generated during combustion is heterogeneous containing different
areas of mobility, we can obtain relevant information through molecular kinetics
studies. For example, we found that for the APP/PER system applied for polyolefins,
with or without molecular sieve, self-spinning, namely relaxing time of network (t1),
and rule of alteration differs vastly at different heat treatment temperatures (HTT)
(Figure 8.29).
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Figure 8.28: 'P ssNMR atlas [20, 27]. 1 — APP/HBO; sub-zero 95 °C; 2-APP/HBO; sub-zero 150 °C;
3 — APP/HBO3 sub-zero 250 °C;4 — APP/HBO5 sub-zero 300 °C; 5 — APP/HBO5 sub-zero 450;
6 — Borophosphate.

Figure 8.29: Relationship between t; values of PO/APP/PER along with PO/APP/PER/4A and HTT [20].

Figure 8.29 shows that curves of relations of the two abovementioned systems
are different. The t; value in APP/PER/4A system, with its HTT at 280 °C, is double
than that in APP/PER system, possibly because different structures are formed at
this temperature. Low value of t1 shows that the molecular motion of matter is
blocked, causing a rigid structure. When HTT in the range of 280 °C to 350 °C, T1
value in the two systems increase as the HTT decreases, but drops more in the sys-
tem with 4A; at 350 °C, T1 values of the two systems are almost the same. This is
because the two systems mainly contain stacked polycyclic aromatic compounds
at high temperature, and hence have a similar structure. However, at higher
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temperatures, the t; value of a system containing 4A always exceeds that of a sys-
tem without 4A. The carbonization processes of these two IFRs are different; a mo-
lecular sieve is helpful in molecular motion, making the carbon layer more
mobile. Comparing APP/PER/4A with APP/PER, the temperature at which the for-
mer can maintain the mobility of the carbon layer is higher than that of the latter,
which is convenient for the former to form a char layer with better flame retardant
properties. It is not easy for them to generate and propagate cracks, and they are
more able to withstand stress.

8.12 Mass spectrometry

On exposure to strong current, organic molecules in vacuum can generate molecu-
lar ions (isotope ions) and various fragment ions in chemical bond fracture. On sep-
arating these ions, recording their quality and strength and arranging them by
mass ratios, a mass spectrogram (MS) can be obtained, which can be applied to an-
alyze the composition and structure of the materials. This method is termed mass
spectrometry.

MS instrument is widely applied because of its high sensitivity (up to 50 pg),
high analysis efficiency (multicomponent detection at the same time), and small
sample requirement in the range of micrograms (solid, liquid and gas can be used
as samples).

Mass spectrometer mainly consists of vacuum system, inlet system, ion source,
analyzer and detector and recorder.

The key technique of MS is the ionization of the sample. There are many ioni-
zation techniques such as electron impact ionization (EI), electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI), which have been
developed in recent years. The combination of MALDI-TOF mass spectrometry and
MALDI-TOF-MS can be applied without any standard sample; this technique was
able to accurately determine the molecular weight of the polymer, structural
units, end group, molecular weight distribution, etc. The principle is shown in
Figure 8.30 [9].

Resolution is an important parameter of MS instrument to characterize the sep-
aration degree between the two adjacent peaks. When the peak of the two intersect-
ing adjacent peaks comprises 10% of the peak height, it can be considered that
these two peaks are separated. Mass of low-resolution ion peaks can only be inte-
gers, whereas mass of high resolution can be as accurate as upto four digits after
the decimal point.

MS results can be shown as spectra or tables. When expressed as spectra, ab-
scissa is mass ratio (m/e) and ordinate is ionic strength (mainly relative abun-
dance). Figure 8.30 shows the MS spectra of PMMA [11]. As Figure 8.31 is scanned
from the point of m/e = 33, it does not display the fragment peak of m/e = 31.
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Figure 8.30: Working principle diagram of MALDI-TOF-MS instrument [9].

Figure 8.31: MS spectra of PMMA [11].

The most important MS spectra information is the relative molecular mass of
the compound (the molecular ion peak in the spectra). The peak must be for the ion
with the highest m/e and odd number electronics, and the ion that can generate
significant fragment ions is not the only method. There are other reliable methods
to identify the molecular ion peak (such as the nitrogen rule, and mass difference
between the adjacent peaks) with evidence. If the molecular ion peak cannot
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detected or its intensity is too low, the experimental technique can be changed
(such as lower the energy of bombarding electron, increase the amount of samples)
to improve the results.

MS spectra can be used to determine the molecular weight and composition of
the compounds, identify the substituent group of compounds, propose the structure
formula of compounds (with the help of other spectra), as well as study the degra-
dation mechanism of compounds.

GC-MS is a powerful technique for the separation and identification of organic
compounds. However, for polymers, its first better to conduct pyrolysis, followed
by separation using GC and dissociation using MS, and finally, identification can be
achieved by analyzing the fragment ions.

8.13 Chromatography
8.13.1 Principles

Chromatography is a physical-chemical separation method, with sample separation
carried out in the stationary and the mobile phase.

Samples enter into the stationary phase with the mobile phase. Because of the
different differentiating characteristics of each group, their interactions with the
stationary phase are also different, thus the two phases (the stationary and the mo-
bile phase) have different roles. When the component achieves a balanced level,
the concentration of the component in the stationary phase and the mobile phase is
named as the partition coefficient K. When components with different k-values are
repeatedly allocated between the two phases, separation occurs (Figure 8.32) [10].

Figure 8.32: Schematic of chromatographic separation [10].
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During measurement, with different concentrations (or mass) in the sample out-
flow, the detection systems can be transformed into electrical signals, giving a chro-
matogram, as shown in Figure 8.33 (for the physical meaning of gas chromatography
see Section 8.13.4) [10].

Figure 8.33: Gas chromatography.

Abscissa of chromatogram analysis is mobile phase flow volume, and ordinate is
detector response signal, which is a representation of sample post outflowing con-
centrations (mass). Outflow component provides a response signal as a differential
curve called a chromatogram.

Chromatogram analysis can be carried out using the following three aspects:
@ The position of chromatographic peaks, which relates to the components of the
molecular structure, is based primarily on qualitative analysis, and reflects the
thermodynamic process of chromatography. @ The size and shape of chro-
matographic peaks, which represents the level of each component in the sample,
based primarily on quantitative analysis, and reflecting the kinetics process of
chromatography. @ Chromatographic separation, which shows whether sample
components can be separated

8.13.2 Thin-layer chromatography

Thin-layer chromatography (TLC) analysis separates material chromatography on a
glass board dotted with the stationary phase. In other words, after placing the sample
on one side of the glass board and inserting it into a certain kind of solvent (devel-
oper), each component will migrate for a particular distance along the fixed phase,
giving Rf values. Rf is the base of TLC qualitative identification (Figure 8.34) [29].
After dropping samples on TLC plates and placing into different solvents types,
the samples can be identified by accurately determining the location of the sample
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Figure 8.34: TLC schematic diagram [29] 1 - Sol-
vent; 2 — The filter paper strip; 3 — Thin layer
plate.

dots. If the sample has two or more Rf values, the sample can be confirmed as a
mixture or as impure.

TLC is a quick method which can simultaneously analyze multiple samples
within a few minutes without sophisticated devices.

TLC is normally only used for qualitative identification, but it can also
make precise quantitative analysis, if required, with the help of sample repli-
cation equipment and ultraviolet detectors that quantitatively analyze the sam-
ple dots.

The disadvantage of TLC is that the number of theoretical plates is less than the
precise chromatograph with a very low resolution, hence compounds with similar
Rf values cannot undergo efficient separation

The choice of TLC solvent mainly depends on the chemical structure of the sam-
ple, with two or more kinds of solvents chosen sometimes.

Chromogenic technology such as ultraviolet light and chemical reactions
can locate points on the TLC plate quickly. The commonly used ultraviolet color-
developing method involves applying certain ultraviolet wavelengths to irradiate
thin-layer plates, which can be applied to color lots of plastic additives. Iodine,
potassium iodoplatinate and 2,6-Dichloroquinone-4-chloroimide spraying chro-
mogenic agents can also be used to react with samples to generate specific color
points for locating the sample’s position on the thin-layer plate, as well as calcu-
lating the Rf value.

8.13.3 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) involves transferring the sample
solution into a chromatographic column filled with a fixed phase. Because of the
different affinity and partition coefficients of the sample components in the mobile
and stationary phase, the samples are separated.

HPLC device is relatively complex, expensive and often requires professionals
to operate and maintain.
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HPLC conditions
For HPLC, appropriate stationary phase and eluent (mobile phase) should be chosen.
For reversed-phase chromatography, non-polar stationary phase and polar solvent
mobile phase are applicable. While for normal-phase chromatography, polar material
should be chosen as the stationary phase and non-polar material should be chosen as
the mobile phase. In addition, selection of the columns and mobile phase should be
based on the chemical properties of the sample. Although normal-phase HPLC was
more often used previously, reverse-phase HPLC has now become the preferred mode.
Most reversed-phase chromatography methods adopt gradient elution method,
which demonstrates the polarity changes of the mobile phase as a function of time.
This method has the advantage of increasing separation resolution to obtain relatively
sharp peak, so that the measurement can be completed in a relatively short time.
Another important parameter of HPLC is the flow rate of the mobile phase. The
flow rate of the eluent has a significant impact on the results of the separation. For
example, for some components normal phase chromatography and constant cur-
rent chromatography are hard to separate and can only be completely separated by
using flow programing.

HPLC device

HPLC device consists of infusion system, sample injection system, chromatography
column and detector (Figure 8.35) [29]. If using gradient elution method, infusion
system must be capable of supplying two or more solvents. Maintaining the chro-
matographic column at a constant temperature can improve reproducibility. Short
and thin connecting pipes minimize dead space and improve the resolution of chro-
matography. Moreover, reducing the particle diameter of the stuffing to 3 pm can
improve the resolution of chromatography.

Figure 8.35: Schematic diagram of an HPLC system [29].

Detection technology
Ultraviolet detector is still the most suitable and often-used detection device for HPLC
because many samples can absorb ultraviolet light. Even when the concentration is
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as low as 1~10 mg/L, ultraviolet detector still functions well. Photodiode array detec-
tors can also be used to detect ultraviolet/visible spectrum absorption peaks of the
sample. In addition, refractive index and light scattering detector can be used to ana-
lyze molecules without employing a chromophore.

The HPLC analyzer presently used adopts external standard method for quanti-
tative analysis. Without taking into account variables during extraction, the aver-
age analytical error is not more than 2%. The internal standard method can be
adopted when more accurate results are needed.

8.13.4 Ordinary gas chromatography

Structures and separation conditions

HPLC or GC can be used to separate samples. GC is widely used because many sam-
ples are volatile and application of GC chromatographic column at high tempera-
ture is a well-known method. However, GC cannot identify each separated
component and can only analyze vapor samples capable of gasification at certain
temperatures. GC is efficient and quick, and because of the development of a hollow
capillary column over the past few years, it can separate compounds containing
dozens of or even hundreds of components within a short period of time, which
remains unmatched by other separations methods.

Contrary to HPLC, GC employs gas as the mobile phase. Because there are no
gradient infusion pumps and solvents, GC is simpler than HPLC. Moreover, the
number of theoretical plates in a GC column is greater than that in HPLC, which
results in better separation of samples.

Because GC only requires helium (or hydrogen) as a carrier gas to transfer the
gasified samples to the detector, its cost is lower. Moreover, GC devices do not have
moving parts and hence are durable.

GC consisting of flame ionization detector (FID), high efficiency capillary col-
umns and solution concentration of 20 mg/L can be used for regular sample analy-
sis. By adjusting the injection volume of the sample, the sensitivity of GC detection
becomes superior to that of HPLC. FID is sensitive to almost all organic compounds,
but other detectors can also be used in GC. Figure 8.36 is a schematic diagram of a
GC system [26].

A limitation of GC is that after the introduction of volatile samples, the peak
areas decline and even fade away. In addition, GC gives more peaks than HPLC,
which makes their identification difficult. Further, the continuous use of chro-
matographic columns of GC results in loss of coating inside the columns and ap-
pearance of rising amount of active centers. Consequently, the speed of analysis
reduces, even resulting in failure of chromatographic columns.

Similar to HPLC, because of the different polarities of coatings inside the chro-
matographic columns, the species that can be separated are also different. Nowadays,
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Figure 8.36: Schematic diagram of a GC system [26].

we are able to produce capillary chromatographic columns with extremely large
number of theoretical plates and high resolution. At present, inner diameters of
chromatographic columns produced are only 0.3 mm to 0.5 mm, and the thick-
nesses of their coatings are only 0.10 pm, which have considerably reduced the loss
of chromatographic columns under high temperatures, thus, realizing the analysis
from intermediate speed to high speed.

In general, GC is frequently used to analyze impurities of monomers and vola-
tile substances of high polymers. It is also used to measure the changes in the con-
centration of raw materials and the amount of volatilized substances during
polymerization reactions; in this manner, reaction kinetics can be studied.

Chromatogram analysis

In general, the following two parameters can be used to describe GC peaks: @D The
peak height (h). The distance between the maximum to the bottom of the peak,
shown as BE in Figure 8.33. @ Peak width (w). In Figure 8.33, peak width (w) re-
fers to the distance between the two intersections (IK in Figure 8.33) formed by
drawing tangents from two inflection points on both sides of the peak (F, G) and
intersecting with peak base. Sometimes to facilitate measurement, it can also be
shown by peak width at half height that is the width of half peak (w,,, JH in Fig-
ure 8.33). Peak height is an important parameter related to column efficiency and
reflects the movements of components in chromatography columns. It is related
to the diffusion of components in the gas phase and mass transfer of components
in the stationary phase. Moreover, it is also influenced by chromatographic ma-
nipulation conditions.
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The primary basis of quality analysis in GC is the retention value of compo-
nents. When chromatographic conditions are invariant, retention value of the com-
ponent is fixed. Therefore, the simplest and most reliable method is to compare
with the retention values of known and unknown components at the same chro-
matographic conditions (including the amount of sample introduction). If the reten-
tion values are not consistent, the components are not the same; if the retention
values are consistent, they are likely to be the same components. In addition, we
can also contrast the quality analysis according to the retention value of compo-
nents in the literatures, but this method is a necessary condition and not a suffi-
cient one.

Another method is to use GC, MS and FTIR qualitative analysis. Such a method
can not only bring into play their respective advantages but also complement their
respective weaknesses, making the quantitative analysis more accurate.

GC used in quantitative analysis is accurate and convenient. Based on the chro-
matographic peak heights or areas, it determines the content of the test sample.
However, because the same detector has different response values to different sub-
stances, when two components with the same amount are tested by the same detec-
tor, the signal strengths may vary. Therefore, we must introduce the relative
response (s) or the correction factor (f) to correct the response values. There are sev-
eral quantitative calculation methods such as normalization method, superposition
method, internal standard method and external standard method. Each method has
its own specific application conditions and special instrumental requirements.
Hence, we can use different methods or a combination of methods based on differ-
ent analysis objectives.

8.13.5 Other gas chromatography methods

Inverse gas chromatography

Inverse gas chromatography (IGC) is a method that uses high polymers as station-
ary phase and inert gases (with probe molecules) as mobile phase. It measures the
distribution of probe molecules (volatile low molecules) in the two phases, thus de-
termining the properties of high polymers, as well as the effects of the probe mole-
cules and high polymers.

Any type of GC can be applied in IGC, with the packing and selecting probe
molecules being the crucial point. There is only one peak in the spectrum of IGC.
(Retention time tp or retention volume Vg, generally is specific retention volume
Vg). In general, IGC measures the changes of Vg with change in temperature (or
flow); a retention graph can be drawn in accordance to 1gVg to I/T (Figure 8.37)
[30]. The straight line in the graph refers to low molecular weight compound and
the zigzag line indicates high polymers. Therefore, some properties of polymers can
be analyzed.
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il Figure 8.37: IGC retention graph of
L 1 1 polyethylene [30] A — HDPE (probe
3.0 35 4.0 4.5 molecule: n-pentane); b — LDPE (probe
103(T) molecule:2-isopentane).

IGC can not only be used to determine the T, Ty, and crystallinity of high poly-
mers as well as the relative molecular weight of oligomer, it can also be applied to
study the thermokinetics of high polymer solution and the surface property of the
polymer.

Reaction gas chromatography

Reaction gas chromatography (RGC) refers to the decomposition of polymers into
volatile products or generation of volatile products through reactions between spe-
cific compounds and functional groups on bonds. Following the decomposition,
analysis of the products can be done by GC and some certain properties of the high
polymers, such as the monomers distribution in the polymers chains. Some poly-
mers which can be decomposed easily, such as polyester and polyamide, are suit-
able for GRC analysis.

Pyrolysis gas chromatography

Pyrolysis gas chromatography (PGC) refers to the pyrolysis of polymers into volatile
macromolecular products. Subsequently, the composition, structure and properties
of polymers can be determined by GC analysis. PGC, together with IR, NMR and MS,
can accurately identify products after pyrolysis, and hence, is a prominent and
widely used approach to study polymers.

PGC comprises a pyrolyzer, including tubular, filament or zonal, laser pyrolyz-
ers, etc., to an ordinary GC at the place of sample introduction.

PGC can not only be used to identify polymers from the perspective of qualita-
tive analysis and differentiate copolymers from blends, it can also be applied for
the quantitative determination of copolymers (for example, the content of link
structure, the tacticity, the assessment of relative molecular weight, and so on).
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8.13.6 Gel permeation chromatography

Gel permeation chromatography (GPC), or column liquid solid chromatography, is
a fast and effective way to determine the relative molecular weight and molecular
weight distribution of polymers.

The classification of GPC is based on the volume exclusion principle, that is,
the macromolecular chains in the polymers are first eluted in the mobile phase
from the columns followed by medium and small molecules, and finally the small-
est molecules of some additives in high polymers. In doing so, separation occurs
and the spectra of GPC is achieved through the detector.

GPC instrument mainly comprises high pressure pump, sample injector, tem-
perature controlling system, separation column (chromatographic column) and
data processing device.

GPC samples should be pure, without any impurities and moisture, otherwise
they interfere with the chromatographic peaks of the sample. The concentration of
the test liquid is generally 0.05%~0.3% (no requirement of accurate determination).
Filtration is required before entering the sample injector (some GPC instruments are
equipped with an in-line filter).

The GPC spectra is a curve drawn by concentrations of various levels of high
polymers to the corresponding maintained time (Figure 3.38) [30]. According to
this curve and the calibration curve [Usually the standard sample PS (PS with
dispersity of less than 1.05) are used to establish the calibration curve, but only
for universal calibration], the relative molecular weight and the molecular weight
distribution of the polymers can be calculated using formulas. Also through inte-
gral of chromatographic peak areas, GPC integral curve can be drawn to deter-
mine the total content when the sample reaches certain relative molecular
weight.

(@

(b)

Figure 8.38: GPC curves of styrene

butadiene rubber adhesive [30] (a) UV

— o T T monitoring; (b) refractive index (RI)

0 2 4 6 8 10 12 14 16 18 20 22  monitoringl - High molecular weight resin;
t(min) 2,3 — Additive; 4 — Solvent (tetrahydrofuran).
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GPC is usually used for the determination of relative molecular weight and mo-
lecular weight distribution of polymer, detection of auxiliary (because its relative
molecular weight is very small, it can be separated from the polymers in the GPC
figure) and impurities, quantitative determination of multicomponent sample and
preparation of high polymers with narrow molecular weight distribution. GPC can
also be used to track polymerization reaction or study reaction kinetics according to
changes of relative molecular weight of resultant or reactant in the reaction
process.

8.14 Methods to determine the degree of intumescence
and strength of char layers

It is very important to characterize and determine the characteristics of the char
layer formed during combustion of materials in details because the char layer is
closely linked with the flame retardant properties of the material. However, for
flame retardancy, there is no comprehensive summary of methods used for determi-
nation of structure and properties of char layers. Moreover, there are many funda-
mental question that yet remain unanswered such as why some polymers carbonize
while some do not, how to increase the amount of carbonization, how to improve
the quality of char layers, what is the carbonization condition of polymer nanocom-
posites, etc. This is obviously related to the lack of appropriate measurement
techniques.

Much of the technologies mentioned in this chapter can be used to determine
the structure and composition of char layers. This section will describe the methods
of the determination of the degrees of intumescence and strength of char layers [20]

8.14.1 The degree of intumescence

For the IFR system, the formation of char layer is an indispensable condition and
the intumescence of char layer has an important effect on the flame-retardant prop-
erties. However, a high degree of intumescence does not necessarily imply excellent
flame resistance, because the char layer structures (such as the size of the bubbles
and its distribution) are also related to the thermal properties of the intumescent
char layer [12, 31]. In some reports describing the methods of the determination of
the degree of intumescence and its relationship with temperature, the device used
is parallel-plate rheometer [20], where the samples can or cannot be loaded.

Figure 8.39 [20, 31] presents the relationship between the degree of intumes-
cence and temperatures of four kinds of epoxy resin-based flame-retardant intumes-
cent coatings (IF1, IF2, IF3 and IF8) and the same coatings without flame retardant
properties. Boric acid and derivatives of APP are used as the two main flame
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Figure 8.39: The degree of intumescence of four kinds of intumescent coatings at different
temperatures tested by rheometer [20, 31].

retardants in the four kinds of fire-retardant coatings, where the latter contains
20% phosphorus.

Boric acid can be used as an intumescent agent, as it forms boron trioxide after
dehydration, which contributes to the formation of glass intumescent layer and in-
creases material viscosity, and delays gases into flames.

For non-flame-retardant coatings, there is almost no intumescence in high tem-
peratures. Four kinds of flame-retardant coatings reaches the maximum intumes-
cence at 300 °C~350 °C, which is because the capture of gases released from the
degradation of resins and IFR in the materials.

Table 8.2 [31] reflects the relationship between the degree of intumescence of
coating and their flame retardancy. The better the intumescent flame-retardant

Table 8.2: The flame retardant properties of the four types of intumescent flame-retardant
coatings [31].

Sample UL1709
Time of losing Relative degree of degree of intumescence
efficacy /min intumescence measured by the
rheometer /%
Non-flame-retardant 5 0 26

coatings

IF1 11.3 500 99
Flame-retardant 2 18.2 550 116
coatings IF3 30 730 139
IF4 38.1 1164 190

printed on 2/14/2023 1:08 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

262 —— 8 Technical means on flame retardation mechanism

coating, the longer it lasts before it fails; thus, the one with the longest time of los-
ing efficacy has the best protection effect.

The relative degree of intumescence of the UL1709 experiment in Table 8.2 is
based on the sample’s thickness ratio before and after the experiment.

According to previous studies [32], the degree of intumescence is measured
using cone calorimeter by employing infrared photography instrument (through im-
aging analysis); the experimental apparatus shown in Figure 8.40 [32]. For epoxy-
base resin intumescent flame-retardant coatings coated on the surface of the plate,
when it is experimented in cone calorimeter (thermal 35 kWm™), the degree of intu-
mescence of the coating is the largest.

Figure 8.40: The experimental apparatus using infrared instrument that determines the degree of
intumescence in cone calorimeter [32].

If the intumescence of materials is even, the degree of intumescence of IFR
can be quantitatively determined using imaging and analysis under dynamic
conditions.

For epoxy-based flame-retardant coatings on the surface of the plate, when ex-
perimented in cone calorimeter, the degree of intumescence increased rapidly at
the initial stage (before 400 s), and then tended to be approximately stable during
the subsequent relatively long time (400~800 s) [32]

For the epoxy-based intumescent flame-retardant coating coated on the sur-
face of the plate, when its relationship between time and temperatures is mea-
sured in cone calorimeter (external heat flux 35 kW/m? using an electric
thermocouple, the temperature under the bottom of the sample after 600 s is
slightly above 2000 °C. However, the critical temperature of heated steel plates is
generally about 500 °C. At the initial stage (before 200s), due to the unformed in-
tumescence protection layer, temperature rises fast. While at the subsequent
stage (200~400°C), temperature rises relatively slowly. When temperature is
within 400~800 °C, it nearly keeps invariable, at this moment, it has formed intu-
mescence protection layer.
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8.14.2 Intensity

The property of the char layer, especially for its intensity, is one of the major factors
to affect the protection of carbon layer. When exposed to fire, the char layer will be
under pressure from the inside and outside, and if it becomes fragile and cracked,
or even collapsed, the fire resistance of the carbon layer will be damaged or lost.
Thus, to measure the technique of the carbon layer’s intensity is also a topic worthy
of studying. [20]

Using rheometer is one of ways to measure the intensity of the char layer under
pressure (Figure 8.41[31, 32]). The working principle is as follows: put the sample in
the rheometer oven and heat it to the required temperature, thus, enabling expan-
sion without interference. After intumescence, make the upper plate of the rheome-
ter to come in contact with the sample and push the upper plate down directly to
press the sample. The pressure needed to push the upper plate is changed with the
space between the top plate and the bottom plate and the pressure varies directly
with the distances between the two plates. Before the cracking of the char layer, the
downward force of top plate depends on the intensity of a single bubble inside of
the char layer. Once the carbon layer is cracked, the downward force increased dra-
matically, because the carbon layer is being pressed. [34]

Figure 8.41: Schematic diagram of the determination of carbon layer intensity [31,32].

Adding spherical SiO, nanoparticles to polymers containing IFR (EVA/PA6/APP)
does not change the intensity of the char layers, however, adding laminar or-
ganic-modified MMT and LDH can increase the intensity of the char layer. If the
intensity of the char layer is higher, the probability of cracks will be lower, and
the capacity of reducing heat transmission, mass transfer and flame retardance
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of the carbon layer will be better. In addition, as discussed earlier, there are two
endothermic peaks on a typical HRR curve of IFR-containing polymers. The first
peak can be attributed to the formation of the intumescent protective carbon
layer. The second peak corresponds to the thermal degradation of the intumes-
cent carbon layer. If the intensity of the char layer is higher, the efficiency of
flame retardancy is better, and the duration of second peak will be longer. For
example, the duration of a polymer containing SiO, for the second peak is
300 s, while for a polymer containing MMT the second peak increases to 500 s.
[20, 34]
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Appendix 1 Abbreviations and names of common polymers

Abbreviation

Name

ABS
ACS
ALK
ASA
BA
BS
CA
CAB
CB
CN
cop
cpP
CPE
CPVC
CSPER
CTA
CTFE
cv
EAA
EBA
EC
EEA
EMA
EMAA
EMAAI
EPDM
EP, EPR
EPS
ETFE
EVA
EVOH

Acrylonitrile-butadiene-styrene copolymer
Terpolymer of acrylonitrile-chlorinated polyethylene-styrene
alkyl resin

Acrylic-styrene-acrylonitrile copolymer
Butadiene-acrylonitrile copolymer
Butadiene-styrene copolymer

Cellulose acetate

Cellulose acetate butyrate

Cellulose butyrate

Cellulose nitrate

Copolyester

Cellulose propionate

Chlorinated polyethylene

Chlorinated polyvinyl chloride
Chlorosulfonated polyethylene rubber
Cellulose triacetate
Chlorotrifluoroethylene polymer
Viscose rayon

Ethylene-acrylic acid copolymer
Ethylene-butyl acrylate copolymer

Ethyl cellulose

Ethylene-ethyl acrylate copolymer
Ethylene-methyl acrylate copololymer
Ethylene-methacrylic acid copolymer
Ethylene-methacrylic acid ionomer
Ethylene propylene terpolymer rubber
Epoxy resin

Expandable polystyrene
Ethylene-tetrafluoroethylene copolymer
Ethylene-vinyl acetate copolymer

Ethylene-vinyl alcohol copolymer

(continued)
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(continued)

Abbreviation Name

FEP Fluorinated ethylene-propylene copolymer
FPUF Flexible polyurethane foam
GPS General purpose polystyrene
HDPE High-density polyethylene
HMW-HDPE High-molecular-weight high-density polyethylene
IBIP Copolymer of isobutylene and isoprene
IR Isoprene rubber

LCP Liquid crystal polymer

LDPE Low-density polyethylene
LLDPE Linear low-density polyethylene
LPE Linear polyethylene

MF, MFR Melamine formaldehyde resin
MIPS Medium-impact polystyrene
MOD Modacrylic fiber

NBR Acrylonitrile-butadiene rubber
NR Natural rubber

PA Polyamide

PAA Polyarylamide

PAI Polyamide-imide

PAN Polyacrylonitrile

PAR Polyarylate

PAS Polyarylsulfone

PB Polybutene or polybutylene
PBD Polybutadiene

PBDR Polybutadiene rubber

PBI Polybenzimidazole

PBMA Poly-n-butyl methacrylate

PBN Polybutylene naphthalate

PBSF Polybutene sulfone

PBT Polybutylene terephthalate

PC Polycarbonate

PCR Polycholoroprene rubber

PDMS Polydimethylsiloxane

PE Polyethylene

PEEK Polyether ether ketone
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Abbreviation

Name

PEI
PEK
PES
PET
PF, PFR
PHB
PHSF
P
PIB
PMP
PMS
PO
POE
POM
POP
POR
PP
PPE
PPO
PPS
PPSF
PR
PS
PSF, PSU
PS
PTFE
PTHF
PU
PUF
PUR
PVA
PVAL
PVB
PVC
PVCA

Polyetherimide
Polyetherketone
Polyethersulfone
Polyethylene terephthalate
Phenol formaldehyde resin
Poly-p-hydroxy benzoic ester
Polyhexene sulfone
Polyimide

Polyisobutene
Poly(4-methylpentene-1)
Poly methylstyrene
Polyolefin

Polyethylene oxide
Polyformaldehyde, polyoxymethylene
Polypropylene oxide
Phenoxy resin
Polypropylene
Polyphenylene ether
Polyphenylene oxide
Polyphenylene sulfide
Polypropene sulfone
Phenolic resin

Polystyrene

Polysulfone

Polysilicone
Polyterafluoroethylene
Polytetrahydrofuran
Polyurethane
Polyurethane foam
Polyurethane rubber
Polyvinyl alcohol
Polyvinylacetate
Polyvinylbutyral

Polyvinyl chloride

Polyvinyl chloride-acetate
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(continued)

Abbreviation

Name

PVDC
PVDF
PVF
PVFO
PX

RP
RPUF
SAN
SANR
SBE
SBP
SBR
SBS

S

SIR
SMA
SMMA
TEO
TFEVDF
TFEP
TPE
TPU
UFR
UHMWPE
ULDPE
UP, UPE
XLPE
XLPO

Polyvinylidene chloride

Polyvinylidene fluoride

Polyvinyl fluoride

Polyvinyl formal

Poly-p-xylylene

Reinforced plastics

Rigid polyurethane foam

Copolymer of styrene-acrylonitrile
Styrene-acrylonitrile-resin
Styrene-butadiene elastomer
Styrene-butadiene copolymer
Styrene-butadiene rubber
Styrene-butadiene-styrene block copolymer
Silicone

Silicone rubber

Styrene-maleic anhydride copolymer
Styrene-methyl methacrylate copolymer
Thermoplastic elastomeric olefin
Copolymer of tetrafluoroethylene-vinylidene fluoride
Copolymer of tetrafluoroethylene and propylene
Thermoplastic elastomer

Thermoplastic polyurethane

Urea formaldehyde resin
Ultrahigh-molecular-weight polyethylene
Ultralow-density polyethylene

Unsaturated polyester

Crosslinking polyethylene

Crosslinking polyolefin
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Actual calorific value

Fire hazard

Afterflame
Afterflame time
Afterglow
Afterglow time

Area burning rate

Burned area
Burned length
Burning behavior

Burning dripping

Calorific potential
Charring

Combustibility
Combustibility class
Combustion

Combustion characteristic
Combustion product
Combustion toxicity test

Critical radiant flux

Damaged area
Damaged length

Deflagration

Dose-response and time-response relationship

Dynamic method

Early fire hazard
Ease of ignition

Evaluation of toxicity

Field model

Fire

Fire hazard assessment
Fire hazard testing
Fire-induced environment
Fire initiation

Fire integrity

Fire load

Fire load density

Fire model

Fire parameter

Fire performance

Fire protection

Fire resistance

Fire risk

Fire safety engineering
Fire safety regulation
Flame

Flame combustion
Flame propagation
Flame retardancy

Flame retardant

Flame retardant chemical
Flame retarded

Flame spread

Flame spread rate
Flame spread time
Flameless combustion
Flammability

Flash temperature
Flash temperature (flash point)
Flash

Flashover

Full-scale room test

Fully developed fire
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(continued)

Actual calorific value

Fire hazard

Fire behavior

Fire classification
Fire danger

Fire effluent

Fire growth

Heat emission
Heat release

Heat release rate
Heat transfer

Heat of combustion

Horizontal burning

Incandescence

Ignitable

Ignition

Ignition source

Ignition temperature

Ignition time

Laboratory-scale test (bench test)
Large (full)-scale test (real-scale test)
Light absorbance

Light transmission

Liner burning rate

Low combustibility

Mass burning rate
Minimum ignition time

Modeling fire growth

Non-combustibility

Optical density of smoke

Oxygen consumption combustion heat
Pyrolysis

Radiant flux

Radiation

Furniture fire model

Glowing combustion

Gross calorific value

Self ignition

Self propagation of flame
Small-flame action

Smoke

Smoke developing behavior
Smoke generation

Smoke obscuration

Smoke production

Smoke production rate
Smoke release

Smoke toxicity

Smouldering

Soot

Specific extinction area (SEA)
Specific optical density
Spontaneous combustibility
Spontaneous ignition temperature
Static method

Surface combustion

Surface flashover

Surface spread of flame

Thermal decomposition

Thermal degradation

Thermal insulation

Time-temperature curve standardized
Time to ignition (TTI)

Total heat release

Vertical burning
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Actual calorific value Fire hazard

Reaction to fire
Secondary effects of fire Zone model
Self heating
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