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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 commitment 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 development 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 sustainable 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 international counterparts. In terms of the annual average growth rate of production capacity, 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 development mode and updating products species. Nowadays, with the growth of environmental 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 designs of new green molecular structures and new material formulations are required. Workmanship in production processes needs to be adjusted and more in-depth studies 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 academic colleagues of the authors have published valuable and prospective books. Moreover, numerous domestic journals about flame retardant have been published. The above works covered flame-retardant mechanism but scattered in various 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, 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 polycarbonate(PC), flame-retardant polyurethane(PU), flame-retardant unsaturated polyester, flame-retardant epoxy resin, smoke suppression of Polyvinyl chloride(PVC), flame-retardant textiles and flame-retardant coatings, and other important aspects. 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 researchers 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, especially the executive editor and associated personnel who worked with them to publish the book smoothly through harmonious and close cooperation. Finally, sincere 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 authors 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
 
              
 
             
           
         
      
       
         
           
             
              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].
 
          
            [image: ]
              Figure 1.1: Five stages of polymer combustion [1].

           
          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].
 
              
                [image: ]
                  Figure 1.2: Unit model of polymer combustion [2].

               
              The thermal decomposition of polymers is the first step for the cause and development 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 36 kW/M2 (which is equal to the blackbody temperature of 613 °C), its surface temperature rising based on time is shown in Figure 1.3 [6].
 
              
                [image: ]
                  Figure 1.3: Relationship between polyethylene surface temperature and time [6] under a radiation intensity of 36 kW/M2.

               
              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 diffusivity 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 104–105 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 generate 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.
 
              Only when the weakest bond fracture temperature is much lower than the decomposition temperature of the most bonds in polymer, the processes of degradation and decomposition can be separated. When the decomposition temperature of various 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 decomposition 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, decomposition 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 (such as Polytetrafluoroethylene (PTFE)), common polymers’ decomposition temperature is between 250 °C and 400 °C.
 
              
                
                  Table 1.1:Some polymer decomposition temperature range (Td) (°C) [4, 5].

                

                         
                      	Polymers 
                      	Td (°C) 
                      	Polymers 
                      	Td (°C) 
   
                      	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 
 
                

              
 
              The thermal decomposition rate of polymer can be expressed by the weight loss rate. Table 1.2 lists the temperature (T50%) 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 °C when temperature is 350 °C [8]. Figure 1.4 is the thermal decomposition temperature 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 cyclization, crosslinking, char formation, etc., the curve slope is small and plateau phase part occurs in the late thermal decomposition (high temperature).
 
              
                [image: ]
                  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].

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

                

                           
                      	Polymers 
                      	T50% (°C) 
                      	m350°C (%/min) 
                      	Polymers 
                      	T50% (°C) 
                      	m350°C (%/min) 
   
                      	PTFE 
                      	509 
                      	2 × 10−5 
                      	PS 
                      	320 
                      	0.24 
  
                      	PX 
                      	432 
                      	2 × 10−3 
                      	POP (stereoregular) 
                      	313 
                      	20 
  
                      	PCTFE 
                      	412 
                      	1.7 × 10−2 
                      	POP (atactic) 
                      	295 
                      	5 
  
                      	PBD 
                      	407 
                      	2.2 × 10−2 
                      	PMS 
                      	286 
                      	– 
  
                      	PE (branching) 
                      	404 
                      	8 × 10−3 
                      	PVAL 
                      	269 
                      	– 
  
                      	PP 
                      	387 
                      	6.9 × 10−2 
                      	PVA 
                      	268 
                      	– 
  
                      	PMA 
                      	328 
                      	10      
                      	PVC 
                      	260 
                      	 
  
                      	PMMA 
                      	327 
                      	5.2     
                      	 
                      	 
                      	 
 
                

              
 
              The degradation of polymers can be divided into primary, secondary and tertiary reaction. Primary reaction refers to the primary decomposition of the original polymer, the formation of volatile products of low molecular weight and intermediates. 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 temperature 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 reaction 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-eliminating 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 polyester (PET) random chain scission would take place [3, 10].
 
                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 products 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, intramolecular hydrogen transfer, β-fracture, etc. Thermal decomposition of PP is more complex than that of PE.
 
                
                  [image: ]
                 
               
              
                Zipper cracking and chain-end scission
 
                When the hydrogen transfer is restricted, polymers cannot not easily generate random 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 significant reduction in the polymer’s molecular weight and total weight [3, 10].
 
                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 generating few monomer quantities in the process of polyacrylonitrile (PAN) thermal decomposition due to crosslinking), and generate different kinds of volatile products, 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 β to generate styrene monomers.
 
                
                  [image: ]
                 
                Still, PA6 and PA66 are heterochain polymers; for example, when conducting zipper cracking, PA6 generates caprone monomers (eq. (1.3)) [10].
 
                
                  [image: ]
                 
                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 eliminating 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 chloride (PVC) (HCl), 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.
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                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].
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                It is a secondary reaction, which decomposes primary products by heat, such as Diels–Alder cyclization reaction which conjugates double-bond compound formed by HCl, see eq. (1.6) [10].
 
                
                  [image: ]
                 
               
              
                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].
 
                
                  [image: ]
                 
                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, several thermal decomposition modes will exist. Therefore, it is difficult to describe the thermal decomposition of all aspects by a single mode. For example, thermal decomposition mechanism of PVC was proposed following several modes, but some conclusions and ideas are still under the research, discussion and debates [13].
 
              
                Molecular mechanism
 
                The auto-accelerated PVC decomposition due to the reaction of PVC structural unit and HCl is shown in eq. (1.8).
 
                
                  [image: ]
                 
                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].
 
               
              
                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).
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                The second and third step is the so-called six-molecular synergistic mechanism, which will eliminate the HCl. See eq. (1.10)
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                Free radical mechanism
 
                Winker has proposed the thermal decomposition of PVC as follows [15] (see eq. (1.11)):
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                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
 
                
                  Ion-pair mode
 
                  Equation (1.12) can express the PVC thermal decomposition mechanism of ion pairs, which is proposed by Starnes [16]:
 
                  
                    [image: ]
                   
                  Ion pair forms on α-site of double bonds, thus causing conjugated chain growth.
 
                 
                
                  Quasi-ion mode
 
                  It can be expressed by eq. (1.13) [17]:
 
                  
                    [image: ]
                   
                  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 removing HCl 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 internal and external heat transfer and transport processes and chemical reactions. Moreover, there are reports that have used the one-dimensional model to predict 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 mechanism and kinetic constants of thermal decomposition need to be studied thoroughly. Through the determination and the establishment process of heat and mass-transfer 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 combustion. The common combustible gas generated from thermal decomposition includes methane, ethane, ethylene, formaldehyde, acetone, carbon monoxide, etc. The common noncombustible vapors are carbon dioxide, hydrogen chloride, hydrogen bromide, 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 suppression of combustion, generating nonflammable gas should be favorable, but any vapor release will make the system expand and change the physical and chemical structure so that more surface of system will be exposed to air at high temperature. Moreover, the generated nonflammable gas is toxic and corrosive. The flammability of flammable liquids may be lower than the combustible vapor, because 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].
 
              
                
                  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, α-methyl styrene, β-methyl styrene, phenol, phenyl cyclohexane, α-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 
 
                

              
 
              Thermal decomposition products of polymers in a fluidized bed at high temperature have been studied [22]; some additional polymers’ (such as polyolefin, PS) cleavage product is a mixture of monomers, liquid and vaporous fuels and char composition, but when it comes to the thermal decomposition of PMMA, it can generate 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 oil 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.
 
              
                
                  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 
  
                      	CO2 
                      	0.00 
                      	0.00 
                      	0.00 
                      	0.00 
                      	0.00 
                      	24.28 
  
                      	CO 
                      	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 
 
                

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

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

 
                	 
                  The heating area must be large enough to overcome the heat loss.

 
              
 
              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/m2 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 temperature is called the ignition temperature, that is, the temperature of the combustible 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-maintained thermal decomposition requires more energy than external force-maintained process.
 
              Ignition temperature of some polymers (underspecified conditions) and spontaneous combustion temperature are shown in Table 1.5 [5, 26].
 
              
                
                  Table 1.5:Ignition and spontaneous combustion temperature of some polymers (°C) [5, 26].

                

                           
                      	Polymers 
                      	Ignition Temperature 
                      	Spontaneous combustion temperature 
                      	Polymers 
                      	Ignition temperature 
                      	Spontaneous combustion 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 laminate) 
                      	520–540 
                      	571–580 
  
                      	SMMA 
                      	329 
                      	485 
                      	MF (glass fiber laminate) 
                      	475–500 
                      	623–645 
  
                      	PMMA 
                      	280–300 
                      	450–462 
                      	Polyester (glass fiber laminate) 
                      	346–399 
                      	483–488 
  
                      	Acrylic fiber 
                      	 
                      	560 
                      	SI (glass fiber laminate) 
                      	490–527 
                      	550–564 
  
                      	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 
                      	 
                      	 
                      	 
 
                

              
 
              When oxygen concentration of the external environment increases, spontaneous combustion of polymers decreases (see Table 1.6) [27].
 
              
                
                  Table 1.6:Spontaneous combustion temperature of polymers under 10.3 MP oxygen pressure [27].

                

                         
                      	Polymers 
                      	Spontaneous temperature (°C) 
                      	Polymers 
                      	Spontaneous 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 
  
                      	PI (contains 15% graphite fiber) 
                      	343 
                      	VF/HFP 
                      	302–322 
  
                      	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 
                      	 
                      	 
 
                

              
 
              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.
 
             
            
              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 connected 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, pressure, and oxygen concentration. The lower the spontaneous combustion temperature of the polymer, the easier the occurrence and spread of fire disaster, whereas if 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].
 
              
                
                  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/m2) 
  
                      	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 
                      	3 
  
                      	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 
                      	9 
  
                      	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/m2) 
  
                      	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 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 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
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