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RESUMEN 

El peligro de incendio de los polímeros causa enormes pérdidas de fatalidad y propiedad. La 

evaluación integral de riesgo de incendio involucra la ignición, liberación de calor, producción de 

humo y efluentes tóxicos. El comportamiento de la liberación de calor de diferentes polímeros 

ignífugos se ha investigado sistemáticamente. El estudio del retardo de la ignición y supresión de 

humo de polímeros ignífugos rara vez estuvo involucrado, particularmente en términos de 

polímeros basados en rellenos a escala nano (nanofillers). La tesis tuvo como objetivo el estudio 

del retardo de la ignición y la supresión del humo de los polímeros ignífugos. Las soluciones 

jerárquicas basadas en nanoestructuras para retrasar la ignición y suprimir el humo se exploraron 

por separado mediante la investigación del mecanismo a diferentes niveles (molécula, mesoescala 

y macroescala). En detalle, las estrategias basadas en conceptos novedosos fueron adoptadas para 

retrasar la ignición (Capítulo 3) y suprimir el humo (Capítulo 4). La combinación de retardo de 

encendido y supresión de humo en un mismo sistema se demostró en el Capítulo 5. 

1) En términos del sistema con retardo de ignición, la explotación del agente de extinción por 

mecanismo radicalario ofreció una solución factible. Se investigó principalmente un agente de 

extinción mediante radicales de nueva generación (ferroceno). 3% en peso de ferroceno aumentó 

el tiempo de ignición (tig) de poliestireno (PS) de 95 ± 2s a 112 ± 2s (prueba de calorímetro de 

cono, 25kW/ m2). El efecto de extinción por radicales de las especies de Fe derivadas del 

ferroceno explica el aumento de la tig y la temperatura de ignición (Tig). Aparte de eso, el 

comportamiento de liberación lenta de volátiles actuó como una ruta viable para retrasar la 

ignición. Originalmente encontramos la solución de adsorción-desorción de volátiles a través de 

material mesoporoso modificado. La sílice SBA-15 mesoporosa se dopaba con nanopartículas de 

Co3O4 ultrafinas preferentemente en la pared interior. El material compuesto PS con el 2% en peso 

resultante de SBA-15@Co3O4 (PS/2SBA-15@Co3O4) poseía tig de 116 ± 2s en comparación con 

98 ± 1s del PS puro (CCT, 25kW/m2) debido a una Tig notablemente más alto. El aumento de Tig 

se originó a partir de la liberación retardada de volátiles (gases inflamables) debido a la 

adsorción-desorción intensificada. 

En paralelo, el comportamiento sostenible de liberación lenta del retardante de llama se ideó 

originalmente para inducir un efecto de extinción de radicales altamente eficiente. Los nanotubos 



 
 

de halloysita (HNT) se funcionalizaron secuencialmente con anhídrido maleico (MAH) y 

10-óxido de 9,10-dihidro-9-oxa-10-fosfafenantreno (DOPO). 5% en peso de 

HNT@MAH@DOPO impartido en ácido poliláctico (PLA) resultó en una tig retrasada (75 ± 5s) 

en comparación con los 60 ± 2s de PLA puro (CCT, 35kW/m2). Antes de la ignición, la muestra 

PLA/5HNT@MAH@DOPO poseía un estado estable con una temperatura de superficie casi 

constante (lo que indica más tig) debido al efecto de extinción radicalaria sostenible por los 

radicales PO·. 

2) En términos del sistema de supresión de humo, el mecanismo de fase de vapor del ferroceno no 

estaba claro. 3% en peso de ferroceno impartido en PS, resultó en un pico de tasa de producción 

de humo máxima (peak SPR) y producción total de humo (TSP) reducidos en un 55.2% y 56.9% 

respectivamente. El mecanismo de fase de vapor estuvo involucrado en la degradación mediante 

oxidación térmica promovida por el intermediario del humo (hollín) de PS/3Ferroceno debido a 

las nanopartículas de γ-Fe2O3. Se observó el mecanismo débil de fase condensada. Paralelamente, 

con el objetivo de resolver el problema de la baja temperatura de sublimación, la molécula de 

ferroceno se incluyó en el nanovehículo de ciclodextrina sulfonada intercalada en hidróxido de 

doble capa (LDH-CD) a través de la química anfitrión-huésped (host-guest). El 6% en peso de 

LDH-CD@Ferr resultante disminuyó el peak SPR y TSP en un 42,9% y un 54,4% por separado en 

relación con el de EP. El mecanismo de fase condensada se asoció con la carbonización catalítica 

hacia una capa carbonosa de mejor calidad. El mecanismo de fase de vapor estuvo involucrado en 

una menor estabilidad térmica del hollín de la muestra EP/6LDH-CD@Ferr. 

  Además, con el objetivo de alcanzar la supresión de humo altamente eficiente, el concepto de 

catálisis interfacial se propuso originalmente hacia una carbonización catalítica más potente. El 

nanocatalizador ultrafino de Ni(OH)2 se diseñó en la superficie externa de 

dodecilbencenosulfonato intercalando LDH (LDH-DBS). 3% en peso resultante de LDH-DBS@ 

Ni(OH)2 dotado en EP obtuvo unos 50,0% y 65,5% de reducción en el peak SPR y TSP en 200s. 

El mecanismo de fase condensada sobre la formación de capas carbonosas robustas representó una 

mejor supresión de humo. El estudio a nivel molecular mostró el mayor grado de poliaromaticidad 

y la reducción de precursores de humo (compuestos aromáticos y de doble enlace). El hollín de 

EP/6LDH-DBS@Ni(OH)2 no demostró la menor estabilidad de oxidación térmica con relación a 

EP/6LDH-DBS, que indicaba el mecanismo débil de fase de vapor. 



 
 

3) En términos de sistema de retardo de encendido y supresión de humo, la solución eficiente fue 

ajustar la conductividad térmica y el efecto de barrera a través de la incorporación de nanofillers 

funcionalizados térmicamente conductores. Las nanoláminas de nitruro de boro (BN) exfoliadas 

térmicamente se funcionalizaron secuencialmente con polidopamina bioinducida (PDA) y 

nanocatalizador de hierro derivado (Fe). La adición de 6wt% BN, BN@PDA y BN@PDA@Fe 

respectivamente aumentó tig a 102 ± 3s, 98 ± 3s y 89 ± 1s en comparación con EP con tig de 80 ± 

3s. Los factores para influir en la ignición se analizaron mediante estudio contrastivo y simulación 

numérica. EP/6BN poseía tig retardado debido a la incrementada conductividad térmica. 

EP/6BN@PDA mostró un valor tig ligeramente menor en comparación con EP/6BN debido a la 

disminución de la capacidad del calor específico. EP/6BN@PDA@Fe exhibió un valor de tig 

ligeramente menor en comparación con EP/6BN@PDA debido a la menor estabilidad de 

oxidación térmica. 

  EP/6BN@PDA@Fe mostró una reducción del 24,6% y 28,6% del peak SPR y TSP a 350 s en 

comparación con el EP puro. El mecanismo de fase condensada se asoció con la formación de 

ceniza de mayor calidad. La catálisis interfacial de Fe (ubicada entre BN y EP) promovió la 

formación de una capa carbonosa de refuerzo de BN dispersada homogéneamente. La 

investigación del hollín no mostró un mecanismo de fase de vapor detectable. 

 

 

 

 

 

 

 

 



 
 

  



 
 

ABSTRACT 

Fire hazard of polymers causes enormous losses of fatality and property. The integral fire-hazard 

assessment was involved in ignition behavior, heat release, smoke production and toxic effluents. 

Heat release behavior of different fire-retardant polymers has been sysmatically investigated. The 

ignition-delaying and smoke-suppression study of fire-retardant polymers was seldom involved, 

particularly in terms of nanofillers-based polymers. The thesis aimed at the study of ignition 

delaying and smoke suppression of fire-retardant polymers. The hierarchical nanostructure-based 

solutions to delay ignition and suppress smoke were explored separately with mechanism 

investigation at different levels (molecule, mesoscale and macroscale). In detail, the strategies 

based on novel concepts were adopted to delay ignition (Chapter 3) and suppress smoke (Chapter 

4). The combination of ignition delaying and smoke suppression into one system was 

demonstrated in Chapter 5. 

1) In terms of ignition-delaying system, the exploitation of radical-quenching agent offered a 

feasible solution. A new-generation radical-quenching agent (ferrocene) was primarily 

investigated. 3wt% ferrocene increased ignition time (tig) of polystyrene (PS) from 95±2s to 

112±2s (cone calorimeter test, 25kW/m2). The radical-quenching effect of Fe species derived from 

ferrocene accounted for the increased tig and ignition temperature (Tig). Apart from it, the 

slow-release behavior of volatiles acted as a viable route to delay ignition. We originally found the 

solution of adsorption-desorption of volatiles via modified mesoporous material. Mesoporous 

SBA-15 silica was doped with ultrafine Co3O4 nanoparticles preferentially on interior wall. PS 

composite with 2wt% resultant SBA-15@Co3O4 (PS/2SBA-15@Co3O4) possessed tig of 116±2s 

compared with 98±1s of neat PS (CCT, 25kW/m2) due to notably higher Tig. The increase of Tig 

was originated from the delayed release of volatiles (flammable gases) due to the intensified 

adsorption-desorption. 

In parallel, the sustainable slow-release behavior of fire retardant was originally figured out to 

induce highly efficient radical-quenching effect. Halloysite nanotubes (HNT) were sequentially 

functionalized by maleic anhydride (MAH) and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10- 

oxide (DOPO). 5wt% resultant HNT@MAH@DOPO imparted polylactide (PLA) with delayed tig 

(75±5s) compared with 60±2s of neat PLA (CCT, 35kW/m2). Prior to ignition, 



 
 

PLA/5HNT@MAH@DOPO possessed a steady state with almost constant surface temperature 

(indicating more tig) due to the sustainable radical-quenching effect from PO· radicals.  

2) In terms of smoke-suppression system, the vapor-phase mechanism of ferrocene was unclear. 

3wt% ferrocene imparted PS with reduced peak smoke production rate (peak SPR) and total 

smoke production (TSP) by 55.2% and 56.9% respectively. Vapor-phase mechanism was involved 

in the promoted thermal-oxidation degradation of smoke intermediate (soot) of PS/3Ferrocene due 

to γ-Fe2O3 nanoparticles. The weak condensed-phase mechanism was observed. In parallel, 

aiming to solve the problem of low sublimation temperature, the ferrocene molecule was included 

into the nanocarrier of sulfonated cyclodextrin intercalated layered double hydroxide (LDH-CD) 

via host-guest chemistry. 6wt% resultant LDH-CD@Ferr decreased peak SPR and TSP by 42.9% 

and 54.4% separately relative to that of EP. The condensed-phase mechanism was associated with 

the catalytic charring toward better-quality carbonaceous layer. Vapor-phase mechanism was 

involved in lower thermal-oxidation stability of soot of EP/6LDH-CD@Ferr. 

Apart from it, aiming to attain the highly efficient smoke suppression, the concept of interfacial 

catalysis was originally put forward toward stronger catalytic charring. The ultrafine Ni(OH)2 

nanocatalyst was engineered on external surface of dodecylbenzenesulfonate intercalating LDH 

(LDH-DBS). 3wt% resultant LDH-DBS@Ni(OH)2 endowed EP with 50.0% and 65.5% reduction 

in peak SPR and TSP at 200s. The condensed-phase mechanism about the formation of robust 

carbonaceous layers accounted for improved smoke suppression. The molecule-level study 

illustrated the higher polyaromatic degree and reduced smoke precursors (aromatic and 

double-bond compounds). The soot of EP/6LDH-DBS@Ni(OH)2 did not demonstrate the lower 

thermal-oxidation stability relative to EP/6LDH-DBS, which indicated the weak vapor-phase 

mechanism. 

3) In terms of ignition-delaying and smoke-suppression system, the efficient solution was to tune 

thermal conductivity and barrier effect via the incorporation of functional thermally conductive 

nanofillers. The thermally exfoliated boron nitride nanosheets (BN) were sequentially 

functionalized with bio-inspired polydopamine (PDA) and iron-derived nanocatalyst (Fe). The 

addition of 6wt% BN, BN@PDA and BN@PDA@Fe respectively increased tig to 102±3s, 98±3s 

and 89±1s compared with EP with tig of 80±3s. The factors to influence ignition was analyzed via 

contrastive study and numerical simulation. EP/6BN possessed delayed tig due to the increased 



 
 

thermal conductivity. EP/6BN@PDA showed slightly lower tig value compared to EP/6BN owing 

to the decreased specific heat of capacity. EP/6BN@PDA@Fe exhibited slightly lower tig value in 

comparison to EP/6BN@PDA due to lower thermal-oxidation stability. 

EP/6BN@PDA@Fe showed 24.6% and 28.6% reduction of peak SPR and TSP at 350s 

compared to neat EP. The condensed-phase mechanism was associated with the formation of 

higher-quality char. The interfacial catalysis of Fe (located between BN and EP) promoted the 

formation of homogeneously dispersed BN-reinforcing carbonaceous layer. The investigation of 

soot illustrated no detectable vapor-phase mechanism. 
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CHAPTER 1 

1 Introduction 
 

“Whoever is careless with the truth in small matters cannot be trusted 

in important matters” 

-Albert Einstein 

1.1 Background and motivation of the study 

Fire hazards cause tremendous losses of fatality and property. According to the bulletin from 

World Fire Statistics Centre (WFSC), the property loss in 2014 is assessed as roughly 1% of GDP 

with death toll reaching several thousands in European Union. In Fig. 1-1 (a) and (b), the average 

number of fires and average fire death number remain relatively high level with the dominant 

sources of cooking, cigarettes and short circuit [1]. Particularly, as plastic, rubber, fiber, adhesive 

and coating products enjoy wider applications in our daily life, fire hazards that occur in 

household make up the majority. Therefore, it is essential to eliminate fire hazard of polymeric 

materials from economic and social perspective. Smoke inhalation is perceived to account for 

50%-80% fire death due to serious respiratory complications [2]. During fire scenario in Scheme 

1-1 (a), the crucial target is to be in pursuit of versatile approaches to suppress smoke production 

(peak smoke production rate and total smoke production). In parallel, in Scheme 1-1 (b), the 

ignition time (tig) is a key parameter to determine the possibility of escape and/or rescue. In 

addition, heat release profile reflects fire intensity and fire spreading capacity, which is firmly 

correlated to burn injury. Hence, it is reasonable that heat release, smoke production and ignition 

profile constitutes the main parts in fire hazard. 

  What motivates the study is to delay the occurrence of ignition and to decrease the post-ignition 

fire hazard of polymeric materials toward lower smoke production, accompanied by higher fire 

performance index. The fire performance is defined as tig divided by peak heat release rate (pHRR) 

[3]. In consideration of the lack of adequate mechanisms to navigate the design of effective 

fire-retardant strategies for delaying ignition and suppressing post-ignition fire hazards, the need 

of mechanism investigation and establishment of proper relevant models are also the motivation. 
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Fig.1-1 (a) Average number of fires per 1000 inhabitants and (b) fire death number per 100,000 

inhabitant [1] 

 

Scheme 1-1 (a) Heat release profiles and (b) smoke production profile during combustion 

1.2 State of the art 

1.2.1 Combustion behavior 

During combustion, the chemical and physical process coexisted with chemical reaction-induced 

re-balance of mass, heat and momentum. Chemical reaction in typical combustion occurred in the 

vapor phase and condensed phase (Scheme 1-2 (a) and (b)) [4]. In the condensed phase, the 

thermal degradation via random scissoring, unzipping, elimination reaction and ringing reaction 

etc., resulted in the release of volatiles, which fueled the flaming zone. In the flaming zone, the 

fuel underwent intensive thermal-oxidation degradation with the circular attack of H· and OH·. 

The residue was further attacked by oxygen (O2) especially at the late stage of combustion. In 

parallel, the physical behavior was mainly associated with the transportation of heat, O2 and 

flammable volatiles. The dominant flaming behavior occurred in the vapor phase and at the 

surface of polymer sample with the heat balanced by flaming heat, cone heat, gasification heat 

(dissipation via gasification), thermal conductivity (dissipation via downward conductivity), 

thermal convection and black-body emission (Scheme 1-2 (b)) [4]. The mass transportation 

proceeded via the penetration of O2 from air to pyrolyzed zone (and flaming zone) and flammable 
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volatiles from pyrolyzed layer to flaming zone. In the process of pre-ignition (non-flaming), 

ignition, developed combustion and flameout, the parameters of ignition time, heat release rate 

and smoke production rate were empirically considered as the predominant controlling factors of 

fire hazards [4-6]. The following sections (1.2.2, 1.2.3 and 1.2.4) were focused on the analysis of 

heat release rate, ignition time and smoke production respectively. 

1.2.2 Fire retardancy 

According to ISO/IEC 13943, fire retardancy is defined to delay ignition or reduce the rate of 

combustion [7]. In terms of delaying ignition, section 1.2.3 will give the detailed discussion. 

Herein, the concept of fire retardancy is focused on reduction of heat release. The combustion 

behavior of polymeric materials is evaluated in different scales including milligram-scale micro 

combustion calorimeter (MCC) and thermogravimetric analysis (TG), bench-scale limiting oxygen 

index (LOI), UL-94, cone calorimeter test (CCT), single burning item (SBI) and full-scale room 

and corner test and furniture calorimetry etc.[4] 

 

Scheme 1-2 (a) Combustion process of polymers; (b) chemical and physical behaviors in 

combustion process [4] 

Generally, the strategies to endow reduced heat release included additive fire retardants and 

intrinsic fire retardants (Scheme 1-3) with the mechanisms based on the termination of chemical 

and physical process during combustion (Scheme 1-3 (a)). The additive fire retardants were 

classified into halogenated and nonhalogenated. The additive fire retardant underwent the 

historical stages of natural fillers, brominated, organophosphorus-containing and intumescent fire 

retardants and microscale (nanoscale) particles (and/or hybrids) [8]. Synergistic agents were 

categorized as additive fire retardants. Halogenated fire retardants exerted high-efficient functions 
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based on flame inhibition (radical entrapment) in vapor phase (Scheme 1-3 (b)) [9]. However, 

some halogenated fire retardant (e.g. decabromodiphenyl oxide) were restricted by various 

regulations (e.g. Stockholm Convection, WEEE, RoHS [10] and REACH [11]) due to 

bio-accumulation [12-14]. Organophosphorus-containing fire retardants possessed relatively high 

fire-retardant efficiency [15], but some of them tended to deteriorate thermal stability of matrix 

resin [16]. The fire-retardant mechanism varied remarkably according to the chemical valance of 

phosphorus atom between condensed-phase and vapor-phase mechanism (Scheme 1-3 (c)) [17-19]. 

Intumescent fire retardants imparted polymeric matrix with excellent fire retardancy on basis of 

formation of intumescent protective carbonaceous layer via the reaction between acid agent (e.g. 

ammonia polyphosphate (APP)), blowing agent (e.g. melamine cyanurate (MCA)) and charring 

agent (e.g. pentaerythritol (PER)) (Scheme 1-3 (d) and (e)) [20, 21]. However, the high loading 

was required to obtain satisfied fire retardancy, which resultantly deteriorated the mechanical 

property of matrix [22, 23]. 

Intrinsic fire retardants included fire-retardant polymers without fire-retardant elements (e.g. 

poly-p-phenylene benzobisoxazole (PBO)) [24, 25] and polymers with fire-retardant elements [26]. 

Some research groups conducted abundant works in preparing intrinsic phosphorous-containing 

fire retardant polymers (e.g. polyester, polyether and epoxy resin) [27-29]. The study of intrinsic 

fire-retardant polymeric materials suffered difficult in achieving the up-to-standard integral 

property due to the deterioration of polymer structure [30]. Microparticles (e.g. magnesium 

hydroxide, aluminum hydroxide) were capable to impart polymers with satisfactory fire 

retardancy predominantly via cooling effect in vapor phase (Scheme 1-3 (h)) and the 

condensed-phase protection [31].  

Nanofillers played increasingly important roles in retarding ignition and post-ignition fire 

hazard especially in the form of polymer nanocomposites [32-35]. Camino’s [32-35] and Wilkie’s 

group [33] etc., investigated the fire-retardant mechanism insightfully with preference on chemical 

factors. The generalized mechanism to account for improved fire retardancy was the formation of 

carbonaceous layer with strong gas and heat shielding effect (Scheme 1-3 (f) and (g)) [36]. In 

addition, the surface treatment was sysmatically studied by Alongi’s and Grunlan’s group as 

effective fire retardant technique for membrane and fiber [37-40]. The surface treatment was 

involved in the employment of various fire retardants (e.g. charged nanofillers and 



CHAPTER 1 INTRODUCTION 
 

5 
 

polyelectrolytes) to spread on the composite via layer by layer and sol-gel technique with spraying 

and dipping method [38, 41-44]. It was also reported that the polymers covered with high volume 

fraction of intumescent fire retardant or mono-component aerosol and hydrogel were used as 

barrier layer to protect the underlying composites [45, 46]. The underpinning mechanism was the 

intumescent or high-quality barrier effect to shield the fire. 

Currently, to pursue high efficiency and environmental benignness is the target of fire 

retardancy. Based on the target, novel fire-retardant strategy and mechanism were put forward. 

The state-of-art progress was described below with focuses on intumescent fire retardants, 

phosphorous-containing fire retardants and nanofillers. 

 

Scheme 1-3 (a) Chemical reactions during combustion (b) vapor-phase fire inhibition of 

halogenated compound MX; (c) vapor-phase fire inhibition of phosphorus-containing compound 

Px; (d) digital image [20] and (e) SEM image of intumescent fire-retardant char [21]; (f) digital 

image [36] (Reproduced with permission from The Royal Society of Chemistry) and (g) TEM 

image of nanofiller-based fire-retardant char [47]; (h) cooling effect via moisture-releasing 

behavior of Mg(OH)2-based composites [31] 

Intumescent fire retardant 

Intumescent fire retardants passed the historical stage of unconsciously-designed formulations 
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(protective coating) toward sysmatically-investigated intumescent behavior, aiming to improve the 

intumescent fire-retardant efficiency [8]. The study of intumescent behavior was focused on the 

chemical reactions [48-54] (e.g. esterification reaction, dehydration reaction and 

ammonia-removal reaction) and physical reactions [55-57] (e.g. swelling behavior, hole-formation 

structure and temperature profile) during combustion, accompanied by the stationary investigation 

of char structure [58] (chemical composition and morphology) after combustion. In the typical 

chemical profile, APP underwent pyrolysis with the generation of NH3 (entering flammable zone) 

and polyphosphoric acid, which reacted with charring agents [48-50, 59-62]. The further heating 

forced the deep dehydration and esterification toward protective carbonaceous char (detected by 

differential scanning calorimeter (DSC) [23], thermogravimetric analysis (TG), solid nuclear 

magnetic resonance (SNMR) [51, 63, 64], variable-temperature Fourier transformation infrared 

spectroscopy (vt-FTIR) [65, 66], thermogravimetric analysis coupled with Fourier transformation 

infrared spectroscopy (TG-FTIR) [67-69] and X-ray photoelectron energy spectroscopy (XPS) [52, 

54]). In the physical profile, polymer composite melted during heating, followed by increased melt 

viscosity due to esterification (Fig.1-3 (a)) [70]. NH3 and other flammable gases interplayed with 

polymer melt to yield the cellular structure, characterized by rheometer [71] and X-ray computed 

tomography (XCT) [58, 72]. Based on the studies, a complete set of methodology were established 

for seeking for high-efficient intumescent formulation.  

The pursuit of high-efficient and water-resistant intumescent fire retardant became the hotpoint. 

Wang’ group prepared modified APP with pendant groups of high charring capacity and 

sysmatically investigated the fire-retardant behavior (Fig.1-2 (a)) [73-75]. Compared with neat 

APP, the modified APP imparted polypropylene (PP) with dramatically reduced peak heat release 

rate (pHRR) (Fig.1-2 (b)) based on the promoted esterification (Fig.1-2 (c)). Merely 22wt% 

mono-component PA-APP endowed PP with UL-94 V-0 rating. In parallel, Juan’s group used the 

highly synergistic agent of polyoxometalate based ionic liquid (PIL) to tremendously assist 

traditional intumescent fire retardant (IFR, APP/PER=3:1) in PP. Merely 15wt% (14.5% IFR+0.5% 

PIL) loading enabled the achievement of UL-94 V-0 (Fig.1-3 (b)) [76]. 

APP suffered the moisture-absorption issue in the practical application, which deteriorated the 

fire retardancy and hand-feeling of composites. Researchers put forward the microencapsulation 

of microscale APP to avoid the contact with moisture [77, 78]. The microencapsulation on APP 



CHAPTER 1 INTRODUCTION 
 

7 
 

micro-spheres inhibited the moisture-adsorption effectively, accompanied by the enhancement of 

fire-retardant efficiency [79]. Silica [80], melamine formaldehyde [81] and β-cyclodextrin [82] 

(Fig.1-3 (c)) acted as bricks to construct the micro-shell. 

 

Fig.1-2 (a) Structure of APP and modified APP; (b) heat release rate curves of PP and PP 

composites; (c) proposed chemical reaction mechanism [73-75] 

 

Fig.1-3 (a) Viscosity versus temperature in terms of APP/PER filled polyurethane (PU) [70]; (b) 

polyoxometalate based ionic liquid (PIL) [76]; (c) β-cyclodextrin-based microencapsulation [82]; 

(d) combustion model of PP/APP/PER [56]; (e) numerical and experimental value of surface 

temperature [56] 

Furthermore, in the design of intumescent fire-retardant system, the virtual test (numerical 

simulation) of fire behavior offered viable and convenient approaches toward optimized 

formulations [56]. Based on the pre-test temperate-dependent thermal conductivity (k), specific 



CHAPTER 1 INTRODUCTION 
 

8 
 

heat of capacity (c) and thermal degradation behavior, one dimensional (1D) unsteady dynamic 

model was established with the assumption that the frontier expansion behavior was the phase 

change (Fig.1-3 (d)). The calculated surface temperature swelling rate and mass loss rate (MLR) 

of intumescent system were in good match with experiments (Fig.1-3 (e)), which promoted the 

understanding of the intumescent process [56]. 

Phosphorus-containing fire retardant 

Phosphorous-containing fire retardants enjoyed similar attentions to halogenated fire retardant 

with remarkable varieties and high efficiency. Phosphorous-containing fire retardants generally 

possessed organic and inorganic types. Organic phosphorous-containing type included organic 

phosphate, phosphonate, phosphinate and phosphine (Scheme 1-4 (a)). Actually, P-O bond in 

phosphorous-containing compounds were selectively substituted by P-N bond, which gave rise to 

phosphamide or phosphoramidate with variable fire-retardant efficiency [83, 84]. Industrially used 

organic phosphorous-containing compounds were exampled by bisphenol A bis(diphenyl 

phosphate) (BDP), resorcinol bis(diphenyl phosphate) (RDP), triphenyl phosphate (TPP) and 

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) [8]. Recently, some research 

groups systematically investigated the effect of different phosphorus oxidation states and different 

substituted phosphate and phosphoramidate on fire retardancy of polymers (e.g. rigid polyurethane 

and epoxy resin) [18, 19]. Results demonstrated that the fire retardants with the lower valance of 

phosphorus was inclined to flame inhibition and quenching in vapor phase rather than in 

condensed phase [19]. Gaan’s group presented that the phosphoramidates with different substitutes 

on nitrogen atom generated different fire retardancy [83]. The hydroxyl ethyl substitution 

possessed better fire retardancy toward the formation of acidic intermediates compared to ethyl 

substitution [83]. They profoundly studied the quenching behavior of phosphorous-containing 

radicals by photoion photoelectron coincidence spectroscopy in combination with vacuum 

ultraviolet synchrotron radiation. Results showed that P≡N intermediate was the dominant 

component for quenching effect in terms of the structure of O=P(OCH3)2NH2 (Scheme 1-4 (b)) 

[84]. Apart from it, Schartel’s group explored the effect of difference matrix on fire-retardant 

behavior [15]. The identical polymer matrix with different structure changed the fire-retardant 

mechanism via the analysis of two-step model with the great dependence of fire retardant’s 
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evaporation, hydrolysis and degradation temperature on polymer matrix (Scheme 1-5 (a) and (b)) 

[15]. Resultantly, the vapor-phase fire inhibition, condensed-phase charring and charring 

protective effect were re-arranged. 

 

Scheme 1-4 (a) Different organic phosphorous-containing compounds; (b) degradation route of 

O=P(OCH3)2NH2 [84] 

 

Scheme 1-5 Fire-retardant mechanism of different phosphorous-containing fire retardants in (a) 

DGEBA/DMC and (b) RTM6 [15] 

The inorganic phosphorous-containing compounds were concentrated on aluminum and 

magnesium phosphinate with seeking for prominent synergistic agents (e.g. MCA) and synergistic 

mechanism in glass-fiber reinforced engineering plastics [63, 85-87]. Wang’s group profoundly 

investigated the different fire-retardant behavior of different alkyl-substituted inorganic 

phosphorous-containing compounds [88]. The different alkyl-substituted aluminum phosphinate 

(AlPi) presented different fire-retardant efficiency with longer alkyl substitutes higher fire 

inhibition [88]. Structurally tailored AlPi held great industrial prospects due to the balanced 

integral property (e.g. mechanical property, thermal resistance, thermal stability and physical 

peculiarity etc.) in matrix. 

Intrinsic fire-retardant polymers with thermally crosslinking structure 

In order to solve the dripping issue and enhance the fire retardancy, the special reactive groups 
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were covalently connected to the backbone and pendent chains of polymers, which were capable 

to generate the crosslinking structure at the particular temperature (above processing temperature) 

[89]. Wang’ group carried out the pioneering work in the field [89]. The employed reactions in the 

thermally crosslinking system included azobenzene-azobenzene crosslinking at roughly 370oC 

[90], azobenzene-phenylethynyl crosslinking at about 400oC and phenylethynyl-phenylethynyl 

crosslinking at 350oC (Scheme 1-6) [91]. The enhanced fire retardancy with suppressed dripping 

was originated from the improved charring reaction from thermally crosslinking effect. The 

thermally crosslinking reaction resulted in the enhanced melt viscosity at combustion temperature, 

which inhibited the dripping behavior [89]. In parallel, the char from thermally crosslinking 

polyaromatic reaction acted as the excellent barrier layer against heat and volatiles for enhanced 

fire retardancy. Compared with the traditional approach of additive-type fire retardants, the 

intrinsic and thermally crosslinking method possessed the advantage of no fire-retardant elements, 

which furthers sustained or improved the other properties. [89] 

 

Scheme 1-6 Azobenzene-azobenzene, azobenzene-phenylethynyl and phenylethynyl-phenylethy- 

nyl crosslinking reaction [91] 

Nanofillers-based fire retardant 

Particles confined in nanoscale of less than 100 nm illuminated particular features relative to 

microparticles due to the increased specific area and surface tension, exposure of atoms and 

crystal faces and distorted electron distribution. The special behaviors in dispersion, thermal, 

photo and electricity behavior were generated [92]. In the field of polymer nanocomposites, 

nanoparticles (mainly inorganic nanoparticles) included different geometries with 
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zero-dimensional (0D) nanosphere, one-dimensional (1D) nano-fiber, nano-rob and nanotube and 

two-dimensional (2D) nanosheet (Fig.1-4 (a)). The physical factors to influence the fire retardancy 

were sysmatically investigated by Kashiwagi’s research group [93-96]. In order to promote the 

understanding the effect of nanofillers on fire behavior, the charring process and char (residue) 

structure were stressed [36, 97]. The charring process and char (residue) structure of pure 

polymers were affected by melt process and thermal degradation (melt intensity and viscosity) 

[94]. In terms of nanoparticles-filled thermoplastic polymer composites (e.g. PP, PMMA and PS), 

the melt viscosity was increased according to Equation (1.1) [98, 99], (1.2) [100-102] and (1.3) 

[103].  
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Where, ηr was the steady viscosity ratio of particle-filled suspension and neat polymer melt η. 

[η], ϕ, ϕm and k1 were respectively intrinsic viscosity, volume percentage of filler, maximum 

volume percentage of filler (dependent on the property of fillers and polymer melt and the type of 

flow field) and interaction parameter of particle aggregates. Equation (1.1) (Einstein Equation) [98, 

99], Equation (1.2) (Batchelor Equation) [100-102] and Equation (1.3) (K-D Equation) [103] were 

respectively associated with dilute suspension (<5% in volume percentage), medium concentrated 

suspension (<20% in volume percentage) and high volume percentage suspension (<ϕm).  

Melt intensity also played an important role in char structure [94], which was represented by 

dynamic storage modulus (G’). The melt suspension possessed G’ with contributions from 

polymer melt and the interface between fillers and polymer melt [104]. The stronger interfacial 

interaction resulted in the higher melt intensity, which weakened the melt fracture (Fig.1-4 (b)). 

The volatiles from thermal degradation moved upward in melt suspension, which resulted in the 

extensional and shear flow field [105]. The viscosity of polymer melt was reduced due to 

decreased molecular weight (lgη0∝ lgMw, η0 and Mw represented zero-shear viscosity and 

weight-average molecular weight separately) and shear thinning. Resultantly in terms of 

thermoplastic polymers, the dynamic structure was formed with dehydrated nanofillers reinforcing 
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porous suspension. The porous structure was difficult to remain in the solid char due to the low 

suspension viscosity [94]. The dynamic structure was determined by thermal degradation of 

polymer composites, the peculiarity of nanofillers and external condition (sample dimension and 

heat flux). In terms of thermosetting polymers (e.g. EP), thermal degradation resulted in the 

decrease of molecular weight, which drove the transition of glassy state to viscos state. At the late 

stage of thermal degradation, the crosslinking reaction (i.e. charring reaction) occurred 

dramatically with the melt viscosity increasing significantly [89]. Highly crosslinking 

thermosetting polymers lost the liquid period during combustion. Thermoplastic polymers 

underwent the similar transition of solid-liquid-solid [71, 106-108]. It was harder to form 

continuous char structure for thermoplastic polymers relative to thermosetting polymers due to the 

lower melt viscosity and melt intensity. Actually, the in-situ dynamic char structure rather than the 

after-flame char structure impacted fire behaviors [108]. Higher dynamic viscoelasticity induced 

by fillers favored the formation of more continuous char structure [94]. 

 
Fig.1-4 (a) Nanofillers with different morphologies; (b) bubble and charring behavior during 

combustion of nanofiller-based composites 

2D lamellar nanoparticles generally overperformed 1D and 0D nanoparticles due to the stronger 

shielding effect of the resulting char during combustion [109]. 2D nanosheets with higher lateral 

size and 1D nanotubes with higher length diameter ratio (L/D) possessed relatively higher fire 

retardancy due to less aggregation and more tendency to connect the microstructural char (Fig.1-5 

(c) and (d)) [110]. Herein, the less aggregation and more tendency to form the percolation 

structure gave rise to higher viscosity and storage modulus (more interface contribution), which 

favored the formation of more continuous char [107, 108]. Furthermore, the different dispersion 
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state of 1D nanotube in polymer matrix and increased viscoelasticity of polymer nanocomposite 

played a critical role in fire behavior [94]. The better dispersion (Fig.1-5 (a) and (b)) and stronger 

viscoelasticity of polymer nanocomposites resulted in better fire retardancy due to the 

higher-quality char with less fracture and holes (Fig.1-5 (e) and (f)) [93, 94]. 

 

Fig.1-5 Char after gasification test at 50kW/m2 of (a) PMMA/0.5wt% SWNT at good dispersion 

state and (b) PMMA/0.5wt% SWNT at poor dispersion state; Char after gasification test at 

50kW/m2 of PS/2wt% MWNT at (c) L/D=150 and (d) L/D=90 [110]; (e) mass loss rate of 

PMMA/0.5wt% SWNT at good and poor dispersion at 50kW/m2 [93]; (f) comparison of 

fire-retardant efficiency between PS/Cloisite15A and PS/MWNT with different viscoelasticity [93, 

94, 109] 

  Aiming to enhance fire-retardant efficiency of nanofiller-based polymer nanocomposites (or 

microcomposites), the functionalization of nanofiller was employed with concentration on surface 

organic and inorganic modification and organic intercalation [111-113]. In detail, organic 

modification was generally associated with the employment of surface grafting of compatible 

polymer chains to improve the dispersion of nanofillers [114]. The incorporation of fire-retardant 

segments into the grafting compatible polymer chains further improved fire-retardant efficiency 

based on the combination of improved nano-dispersion and fire-retardant behavior (Fig.1-6 (a)) 

[115]. In parallel, the organic molecules with/without fire-retardant elements were intercalated in 
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the gallery of lamellar nano-structure, aiming to promoting the exfoliation of nanosheets and 

incident fire retardancy (Fig.1-6 (b)) [113, 116, 117]. Alternatively, the anti-UV functional 

moieties were also incorporated into lamellar gallery to incite the multifunction of polymer 

nanocomposites (Fig.1-6 (b)) [113, 118]. Generally, the naturally occurred nanoclays (e.g. 

montmorillonite (MMT) and hydrotalcite) acted as the brilliant candidates for intercalation of 

various organic molecules, which further imparted the composites with required properties [119]. 

 

Fig.1-6 (a) Surface grafting of polymer block with phosphorous-containing moiety [115]; (b) 

multifunctional intercalation of layered double hydroxide (LDH) [113] 

The inorganic modification (decoration) on surface of nanofillers or the element doping on the 

molecular structure of nanofillers opened a perspective window to enhance the targeted behavior 

[36, 120]. Hu’s and Wang’s group performed pioneering works [36, 121]. In terms of inorganic 

modification, the in-situ growth approach and electrostatic assembly were generally utilized with 

the decoration of zero-valent metal [122], metal oxide [123], metal hydroxide [124], insoluble 

metal salt [125], layered double hybrid (LDH) [126] and metal organic framework (MOF) [127] 

etc. The substrates such as boron nitride (BN) nanosheets [128] and nanotubes [129], molybdenum 

disulfide (MoS2) [130], graphene [131] and carbon nanotube (CNT) [132] were requested with 

higher L/D with aim to supplying adequate active sites for homogeneous and high-loading 

decoration of hybrids. The diversified in-situ grown inorganic decorations (e.g. SiO2 [133], ZrO2 

[134], MnO2 [135], Co3O4 [121], ZnS [136], Cu2O [137], MoO3 [138], FeOOH [139], Co(OH)2 

[121] and Ni(OH)2 [134]) on graphene nanosheets (Fig.1-7 (a)) were investigated sysmatically 

with respect to fire retardancy of epoxy resin (EP), polymethylmethacrylate (PMMA), polylactide 

(PLA) and polystyrene (PS) etc. Results showed that the fire retardancy was enhanced with the 
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mechanism dominantly in condensed phase via the formation of higher-quality char structure [36]. 

Apart from it, the electrostatic assembly provided a viable approach to construct structure with 

abundant morphologies [140] (Fig.1-7 (b)).  

However, the deep study of the fire-retardant mechanism was absent, which resulted in the 

unconscious-designed structure toward high-efficient fire retardancy. The basic fire-retardant 

mechanism was synergy between different components. Actually, the investigation of the 

relationship between nanostructure and fire retardancy was seriously lacking at the molecular level, 

which made the study constantly at the trial stage. Based on the above evaluation, the work in the 

thesis will be dedicated to design the suitable nanostructure and insightfully study the relationship 

of structure and property. 

 
Fig.1-7  (a) In-situ gown MoO3 and Cu2O on graphene nanosheets [138] and (b) electrostatic 

assembly of LDH and graphene oxide nanosheets on hollow SiO2 sphere [140] 

  Additionally, organic nanofillers and microfillers exploited a novel route to endow fire 

retardancy to polymers. The representative compounds were the covalent organic frameworks 

(COF) (Fig.1-8 (a)) [141], metal organic framework (MOF) (Fig.1-8 (b), (c), (d) and (e)) [142], 

polyphosphazene (Fig.1-8 (f)) [143] and their derivatives. The hierarchical modification with 

respect to the organic nanofillers and microfillers was employed in order to enhance fire 

retardancy [141-143]. Fe-MOF and Co-MOF were effective in slightly decreasing fire intensity of 

PS with the generation of the protective char [142]. The similar case did exist in COF 

nanosheets-filled TPU composites [141]. In addition, Polyphosphazene nanotubes encapsulated by 

mesoporous silica supporting bimetallic phosphide exhibited slightly lower peak heat release rate 

of thermoplastic polyurethane (TPU) than the references [143]. Therefore, the fire-retardancy with 

organic nanofillers (and/or microfillers) was promising but not satisfactory. 
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Fig.1-8 (a) Schematic illustration of COF [141]; (b) and (c) SEM and TEM images of Fe-MOF 

[142]; (d) and (e) SEM and TEM images of Co-MOF [142]; (f) schematic illustration of 

hierarchical modification of polyphosphazene nanotube [143]; (g) blowing-out mechanism of 

EP/DOPO-POSS [144] 

Besides, various polyhedral oligomeric silsesquioxane (POSS) molecules, once incorporated 

into polymer matrix, tended to phase separate and resulted in the formation of POSS 

nanophase-filled polymer nanocomposites [145-147]. Enormous investigations illustrated that the 

incorporation of POSS or its derivatives notably increased the fire retardancy of PP [148, 149], PU 

[150], PLA [151, 152] and EP [153, 154] etc., with the preferential result in reduced pHRR. The 

generalized explanation of mechanism was due to the formation of silicon-rich carbonaceous 

layers to shield the underlying matrix from heat and flammable gases. The silicon-containing 

compounds with the higher surface tension were apt to migrate to the surface easily, which 

promoted the charring formation [155]. The compositional variation of POSS revealed the 

changed fire retardancy based on the different volatilization behavior, different charring capacity 

and different dispersion in matrix [148]. Compared with alkyl-POSS, octaphenyl-POSS showed 

limited volatilization at air and N2 atmosphere, which left more POSS in the polymer matrix. 

Compared with other metals, Al and Zn-containing POSS possessed higher charring capacity 

towards PP, which resulted in better fire retardancy [148]. Octaisobutyl-POSS possessed more 
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homogeneous dispersion in PP than octamethyl-POSS, which also gave rise to better fire 

retardancy. Meanwhile, the silicon-phosphorous synergy in modified POSS was also detected 

[149]. Merely 2.5wt% DOPO-POSS imparted EP (cured with DDS) with V-1 ratings due to the 

special blowing-out mechanism (Fig.1-8 (h)) [144]. 

1.2.3 Delaying ignition 

The ignition behavior was the first step of fire hazard, which determined its importance in 

reducing fire risk. Significantly delayed ignition time (tig) was expected as the adequate rescuing 

time was obligated during fire hazard. The study of ignition behavior dated back to 1960’s with 

focus on developing numerical simulation of ignition based on the progressively insightful 

understanding of ignition mechanism [156-160]. Ignition behavior was a complicated process with 

the enormous chemical and concurrent physical reactions. Ignition behavior occurred with or 

without external heat resource (pilot flaming or sparkling) when the concentration of flammable 

gases from decomposition of polymers reached the critical value [161].  

The measurement of ignition behavior was involved in tig, ignition temperature (Tig), and 

thermal oxidation-based gasification. The measurement of ignition behavior was not confined in 

fixed apparatus and ignition ways. Basically, the commonly used ignition test was firepoint 

apparatus (Fig.1-9 (a)) [162], self-made apparatus (Fig.1-9 (b)) [163] and cone calorimeter. The tig 

was obtained generally via visual observation of flaming occurrence toward developed flame. In 

cone calorimeter test (CCT), tig was also obtained through analysis of heat and mass profile, both 

of which were sensitive to ignition [164]. The critical mass loss rate and heat release rate were 1-6 

g·s-1·m-2 and 20-100kW/m2 respectively in consideration of the presence of flash phenomenon 

prior to ignition (Fig.1-9 (c)) [164]. The temperature measurement was performed on sample 

surface with the thermocouple attached. In terms of polymer melt, the attachment of thermocouple 

was relatively difficult with remarkable tendency to test the temperature of underlying melt or top 

air [165]. The infrared temperature detector was evidenced to be not accurate as the infrared beam 

was apt to test the temperature of dense smoke and/or volatiles. In addition, the gasification 

behavior was measured generally on the thermogravimetric analyzer with the ignorance of 

in-depth degradation behavior. More precise measurement required the self-made facility with the 

focus on the high-accuracy electrical balance (Fig.1-9 (d)) [96, 166].  
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Fig.1-9 (a) Firepoint apparatus with C, F and G sample, radiation and load cell [162]; (b) 

self-made apparatus for ignition test [163]; (c) temperature prior to ignition with the flash period 

[162] and (d) gasification apparatus [96] 

Ignition process 

Different from the combustion process with the category of charring and non-charring type, the 

study of ignition propelled the classification of thermoplastic and thermosetting type based on the 

different pre-ignition behavior [156-158, 161, 167]. Thermoplastic polymers (e.g. PS, PP, PE, PLA 

and PS) underwent the heating, melt, thermal-oxidation degradation, gasification and ignition [160, 

162, 168-170]. The heat absorbed on the top surface was conducted toward the bottom surface 

with the gradient temperature distribution along the transportation direct [171]. When the surface 

temperature reached the initial thermal-oxidation temperature, the polymer underwent the 

decomposition with volatile bubbles generated (Fig.1-10 (a) (b) and (c)). Gradually, the bubbles 

moved from the bottom position to top position with bubble size turning bigger in viscoelastic 

polymer melt [4]. As the volatiles concentration reached the critical value, the ignition behavior 

occurred in combination with the adequate heat (evaluated by Tig) and oxygen concentration.  

Over past decades, some research groups took into account all the influencing factors [160, 163, 

165, 168, 170, 172, 173]. All the influencing factors functioned in the simulation via influencing 

heat profile. The basic schematic illustration of the heat profile was showed in Scheme 1-7. The 

heat radiation (e.g. CO2 laser or electrical heated coils) arrived at the top surface and penetrated 
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into the polymer. The heat proceeded with the reflection loss and in-depth adsorption in terms of 

transparent slabs. The reflected radiation usually made up 10% of the total radiation [174]. 

In-depth adsorption depended on the spectroscopic interaction between polymer molecules and 

infrared light [175]. Besides, the thermal conductivity, convection radiation and black-body 

radiation were the additional heat-loss ways [176]. Subsequently, the gradient temperature 

distribution emerged dependent on thermal conductivity (k) and specific heat of capacity (c) [160].  

 
Scheme 1-7 Heat profile in the horizontal location prior to ignition [96, 163, 168, 172, 174, 176] 

As the temperature was above initial thermal-oxidation degradation temperature, the 

degradation occurred with the degradation heat generated [169, 174]. More importantly, the 

degraded oligomers with lower molecular weight possessed lower gasification temperature [174]. 

The gasification process carried away enormous heat, which resulted in the relatively balanced 

temperature in combination of thermal conductivity, thermal convection and black-body radiation 

(Fig.1-11 (a)) [161, 174]. Meanwhile, the gasification resulted in enormous volatiles that stayed 

above the sample surface and blocked the external radiation. Consequently, the radiation 

attenuation emerged [163]. It was reported by Kashiwagi’s group that the thermal-oxidation 

degradation played significantly more important roles compared with the melt viscosity, which 

was correlated to the movement of the bubbles [95]. In-depth adsorption and gas adsorption 

played indispensable roles in simulating the ignition behavior and understating the ignition 

process [175]. Herein the mass profile of the experimental sample was concentrated on the 

gasification process.  

The heat profile of thermosetting polymers resembled the thermoplastic polymer without the 

generation of bubbles (Fig.1-10 (d)). The ignition simulation of thermosetting was referred to the 
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solid fuel. The parameters k and c were dependent on temperature, which made the simulation 

more complicated. The simulated temperature illustrated the trend in Fig.1-11 (b). 

 

Fig.1-10 Images of polymer melt at ignition in CCT of (a) PP, (b) PS, (c) PLA and (d) epoxy resin 

(EP) 

 

Fig.1-11 Temperature curves of (a) thermoplastic and (b) thermosetting polymers (tig1 and tig2 

represented the ignition time of sample 1 and 2) 

Ignition simulation 

The numerical simulation of fire behavior of polymers was concentrated on ignition and the mass 

loss rate [176-179]. The simulation of ignition behavior was based on the fact that the ignition 

occurred when temperature reached Tig. Generally, one-dimensional (1D) conductive equation was 

used with the variations of distance and time (Equation (1-4)) [180]. Herein, ρ was sample density. 

T Tc k
t x x


   

  
   

                          (1-4) 

In contrast, the simulation of combustion intensity was based on the mass loss rate, which was 

further relied on the thermal degradation kinetics of the polymers [166, 177]. The soaring of mass 

loss rate was employed to acquire tig, which was relatively inaccurate compared with the first 

method (evaluated by Tig) [177-179]. In order to perform the more accurate simulation using Tig, 
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the heat attenuation from gas adsorption and the in-depth adsorption (in terms of the transparent 

polymers) were taken into account [163]. In the simulation, an important issue was to distinguish 

the thermally thick and thermally thin polymer slabs. In fact, the rear temperature revealed the 

high-rate increasing tendency to homogenize the temperature distribution along the heat 

transportation direction as for thermally thin samples. The constant temperature (ambient 

temperature) remained at the rear surface for thermally thick samples. In between, the generally 

increasing tendency at the rear surface possessed the combination of thermally thin and thermally 

thick dual-property. The critical thickness was determined by enormous parameters [165].  
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  Here k, lc, h, ε, σ, Qcri, Qext and T0 were thermal conductivity, critical thickness, convective 

coefficient, emissivity, Boltzmann radiation constant, critical radiation, external radiation and 

ambient temperature respectively [165]. Notably, the higher thermal conductivity and external 

radiation resulted in the higher critical thickness. Commonly-used thickness with 3-4mm in CCT 

belonged to the combined state of thermally thin and thick at heat flux of 25kW/m2, 35kW/m2 and 

50kW/m2. The prediction of the relationship between tig and Qext was located between the linear 

correlation between tig
-1 and Qext and the linear correlation between tig

-1/2 and Qext. The 

usually-used sample with thickness of 25mm was assigned to thermally thick sample. According 

to the established models, the thermally thin and thick samples possessed tig in Equation (1-7) and 

(1-8) separately [165].  

 0 lnig ext
ig

cri ext cri

cl T T Qt
Q Q Q

   
  

 

                      (1-7) 

 01
2 4 ln

ig
ext

ig
cri ext cri

k c T T Qt
Q Q Q


 

 
  

 

                    (1-8) 

  Furthermore, Qcri was much lower than that of Qext, both equations were simplified to (1-9) and 

(1-10) respectively. 
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  From Equation (1-9), tig was proportional to sample thickness (l), density (ρ) and specific heat 

of capacity (c). Higher external radiation resulted in the lower tig. From Equation (1-10), tig was 

proportional to thermal inertia (kρc). As for the samples with 3-4mm thickness, which was 

classified as the combined property, the tig value possessed the limited correlation to thermal 

conductivity k. It was noted that the generally-used samples with thickness of 3-4mm behaved 

more like the thermally-thick sample [165, 181]. Higher external radiation resulted in the lower tig. 

These two equations were regarded as the guideline to approximately predict the ignition time. 

Moreover, Equation (1-10) demonstrated a strong precision based on the linear correlation of tig
-1/2 

and Qext. The critical heat flux value was also calculated via the extrapolation to tig
-1/2=0 [174]. 

  However, the above equations were obtained via the simple 1D conductive equation, which 

merely considered the physical aspect and ignored the chemical aspect. In the fire-retardant 

polymers, the fire retardants actually gave rise to the alteration of physical and chemical aspects. 

In different fire-retardant polymers, the physical and chemical aspects were differently considered. 

Ignition behavior of fire-retardant polymers 

a. Halogenated fire-retardant polymers  

Considering that the thermal-oxidation degradation temperature of halogenated fire retardants was 

usually lower than the ignition temperature, the halogenated free radicals were accordingly 

generated and distributed around the flaming zone [8]. These halogenated free radicals exerted 

important roles in inhibiting the occurrence of ignition [8]. Wang’s group reported that the 

addition of antimony trioxide (Sb2O3) gave rise to the delaying of tig of polymers such as 

poly(vinyl chloride) (PVC) [182]. In contrast, in consideration of the alteration of physical 

properties (e.g. ρ and c) and deteriorated thermal-oxidation degradation of polymer backbone after 

the incorporation of halogenated fire retardants, the tig value was actually unpredictable with the 

positive effect from radicals and negative effect from altered physical properties and deteriorated 

thermal-oxidation stability [183]. However, tig value of polymeric materials with addition of 

halogenated fire retardants was normally delayed with the predominant inhibition of free radicals 

[184, 185]. 
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b. Microfillers-based polymers 

Microscale magnesium hydroxide (Mg(OH)2) and aluminum trihydroxide (Al(OH)3) were 

industrialized fire retardants in consideration of strong fire-safe liability, cost-effectiveness and 

extensive availability [186, 187]. As the fire retardant, the mechanism was mainly involved in the 

moisture-releasing effect to cool down the flaming zone and the formation of the protective 

carbonaceous layers. Similarly, the moisture at the flaming zone acted as the excellent alternatives 

to inhibiting ignition via reducing the combustion efficiency (χ) [5, 6]. The dehydration reaction 

occurred at 350oC and 300oC in terms of Mg(OH)2 and Al(OH)3, which were generally lower than 

or comparable to ignition temperature [188]. Additionally, the lower dehydration temperature 

illuminated that more water was released into the flaming zone as for Mg(OH)2-filled polymers, 

which caused the higher tig compared to Al(OH)3-based polymers. Meanwhile, the incorporation 

of Mg(OH)2 and Al(OH)3 increased the thermal conductivity and density of polymer matrix due to 

the higher conductivity of fillers. In combination with the chemical aspect from cooling effect and 

physical aspect from increased k and ρ, the tig of polymer was usually delayed [189-192]. Amongst, 

Mg(OH)2 showed the closer dehydration temperature to the Tig value, which imparted less delayed 

tig. The microfillers including the calcium carbonate (CaCO3), mica, wollastonite and boehmite 

etc., presented the similar trend of the ignition behavior of polymers [193, 194] 

  Additionally, the commercialized Al2O3 possessed the ρ, c and k of 3.96 g·mL-1, 0.75 J·g-1·K-1 

and 29.36 W·m-1·K-1 respectively [195-197], which showed significant difference with the matrix 

resin. It was reported [195-197] that the addition of Al2O3 microspheres remarkably delayed the 

ignition behavior of PMMA. The basic mechanism was due to the improved thermal-oxidation 

stability, which offered less flammable gases and the significantly increased thermal conductivity, 

which made the heating rate of the top surface more slowly even though the specific heat of 

capacity was slighted decreased.  

c. Phosphorous-containing fire retardant-based polymers 

Polymers composites with phosphorous-containing fire retardants (organic and inorganic 

phosphorous-containing fire retardants) showed magnificent complexity in studying the ignition 

behavior due to the multiple influencing factors [15, 198]. In terms of the physical property, the 

addition of phosphorous-containing fire retardant was considered to have neglectable influence on 
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the ρ, c and k especially at low loadings [8]. The important change happened in the 

thermal-oxidation stability of polymer matrix and the generation of PO· radicals. Normally, the 

phosphorous-containing bond (P-O, P-N and P-C etc.) illustrated relatively lower bond energy 

compared with C-C bond, which resulted in the earlier thermal-oxidation degradation than 

polymer matrix prior to ignition [199]. The resultant degraded products further promoted the 

thermal-oxidation degradation of polymer matrix. More flammable fuels accordingly were 

released into the flaming zone. Besides, the low-boiling-point phosphorous-containing fire 

retardants were directly evaporated into flaming zone prior to ignition, the thermal-oxidation 

degradation of which occurred below and roughly at the ignition temperature (Fig.1-12) [18, 

200-202]. The different degraded products varied with different phosphorous valence and structure 

with the lower-phosphorus-valence more PO· radicals [18]. The resultant PO· radicals were 

supposed to retard the ignition process. According to the three basic elements for combustion, the 

increased flammable gases and the more PO· radicals competed to determine the ignition behavior. 

BDP, RDP and TPP were evidenced to delay the ignition time to different degrees [203-205]. 

Intrinsic phosphorous-containing fire-retardant polymers exhibited the delayed tig [206-208]. 

 
Fig.1-12 Thermal degradation curves of (a) hyperbranched poly(phosphamide ester) [200], (b) 

phenyl phosphonate-based fire retardant and (c) phenyl phosphoric-based fire retardant [18] 

Apart from it, Schartel’ group sysmatically investigated the influence of the type of polymer 
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matrix on the ignition behavior from two aspects [15]. Firstly, thermal-oxidation degradation of 

different polymer matrix determined the amount and species of degraded products. Secondly, the 

polymer matrix changed the degradation routes of phosphorous-containing fire retardants [15]. For 

instance, EP with different curing agents changed the fire-retardant mechanism between 

condensed phase and vapor phase (Scheme 1-5), which indicated that the degradation route of fire 

retardant changed. The phenyl phosphoric based fire retardant (Fig.1-12 (c)) delayed the ignition 

time of PLA but decreased the ignition of EP [18, 209]. It was inferred that thermosetting 

polymers interacted with phosphorous-containing fire retardants more intensively than that of 

thermoplastic polymers. The intrinsic phosphorous-containing fire retardants illustrated a similar 

behavior to additive-type fire retardant based polymers. In addition, the inorganic 

phosphorous-containing fire retardants also revealed the delaying tendency of ignition, exampled 

by aluminum phosphinate [63, 85, 210]. In contrast, another type of inorganic 

phosphorous-containing fire retardants (calcium hypophosphite and lanthanum hypophosphite) 

generally reduced the tig of PLA and polyamide 6 (PA6) due to the remarkably deteriorated 

thermal-oxidation stability [211-213]. 

d. Intumescent fire retardant-based polymers 

Intumescent fire retardant based thermoplastic polymers (e.g. PP, PS, PLA and PU) exhibited 

shortened ignition time [82, 214-219]. In contrast, the intumescent fire retardant based 

thermosetting polymers exhibited nearly unpredicted ignition time [220-225] (Table 1-1). Until 

now, the ignition mechanism of intumescent fire retardant-based polymers was not supported by 

enough data and investigations. In terms of thermoplastic polymers with intumescent fire 

retardants, the physical property of k and c presented unpredicted changes with the density ρ 

slightly increased. The thermal-oxidation stability of polymers with intumescent fire retardants 

was generally deteriorated due to the impact of APP on thermal-oxidation of polymer matrix 

(Fig.1-13 (a)) [226]. The deteriorated thermal-oxidation stability hinted a larger amount of 

flammable fuels to the flaming zone. The increased amount of degraded products acted as a factor 

to induce the ignition after the analysis of the three elements for sustained fire (temperature, 

oxygen and volatiles) [95]. Without consideration of the impact of c, k and ρ, tig was shortened 

slightly according to decreased Tig (Qcri was considered as invariable according to Equation (1-9) 



CHAPTER 1 INTRODUCTION 
 

26 
 

and (1-10)). The impact of heat and mass transfer between different location of the sample was 

weak due to relatively low thermal-oxidation temperature and the significantly increased viscosity 

(Fig.1-13 (b)) [22]. Accordingly, the downward movement of polymer melt (bubble upward) 

presented a limited effect on the heat dissipation of top surface and incident tig (Fig.1-13 (c)) [95, 

96]. The thermosetting EP with intumescent fire retardants presented divergent results with the 

most cases of shortened ignition due to the deteriorated thermal-oxidation stability (Table 1-1). As 

for the case of delayed ignition of epoxy resin (EP), it was considered to originate from tig 

derivatives and different types of raw materials. 

  Particularly, Wang et al., found that tig of intumescent fire-retardant polyethylene (PE/IFR, 

70/30) was significantly increased by 102s via the substitution of 0.2% IFR by metal chelate 

(CuSAO) (Fig.1-13 (d)) [227]. The finding of the significantly increased tig was due to the 

generation of char film prior to ignition. The generation of the char film was due to intensive 

catalysis of CuSAO. The heat was magnificently shielding with the temperature below the char 

film increasing slowly (Fig.1-13 (d)). The ignition time (tig) was delayed significantly. 

Table 1-1 tig value change of intumescent fire-retardant (IFR) systems 

Matrix 
IPR with 

weight percentage 

Change of tig relative 

to neat matrix (s) 

Heat Flux 

(kW/m2) 

PP [75] Piperazine-APP (25%) -8 50 

PP [219] APP (25%) -12 35 

PP [216] APP (30%) -16 35 

PP [228] 
APP + charring agent 

(30%) 
+8 35 

PP [229] APP (20%) -4 35 

EP [218] APP (10%) -19 35 

EP [224] APP (5%) -3 35 

EP [223] APP + CoSA3 (5%) +1 35 

PLA [226] APP+MA+β-CD (20%) -5 35 

EVA [82] APP+β-CD (40%) -7 unknown 

EVA [82] 
β-CD encapsulating 

APP (40%) 
+2 unknown 

PS [230] APP (30%) -7 35 

PS [215] APP (5%) -25 35 
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Fig.1-13 (a) TG and DTG curves of intumescent fire-retardant PLA [226]; (b) increased dynamic 

viscosity of intumescent fire-retardant PP [22]; (c) illustration of upward movement of incident 

bubbles; (d) mechanism of delayed tig of PE/IFR/CuSAO [227] 

e. Nanofiller-based polymers 

Nanofillers, as the prevailing fire-retardant reinforcement in Section 1.2.2, showed a promising 

prospect in delaying ignition behavior of polymers. However, as far as the authors knew, the 

investigation of ignition behavior and mechanism was merely carried out except MMT-filled PP, 

polyethylene terephthalate (PET) and EP by Fina et al. [161, 167], Bourbigot et al. [55] and 

Schartel et al. [174]. In most studies of nanofiller-based polymers, merely tig was provided without 

mechanistic investigation. The selected results of nanofiller-based polymer nanocomposites were 

exhibited in Table 1-2. In terms of PET nanocomposites, the addition of 5wt% C-Na+ and C20A 

shorted tig value of roughly 100s and 250s respectively at 25kW/m2 compared with that of neat 

PET [161]. The investigation of surface temperature illuminated that the addition of C-Na+ and 

C20A did not change the melt stage notably, accompanied by the significant decrease of 

degradation time (gasification time) (Fig.1-14 (a)). The melting temperature and the time of 

melting period after the addition of C-Na+ and C20A were slightly increased due to the 

heterogeneous nucleating effect of MMT in PET [161]. The gasification temperature after addition 

of C-Na+ and C20A were slightly decreased due to the more intensive thermal-oxidation 

degradation, which carried away the more heat from the top surface (Fig.1-14 (b) (c) and (d)) 
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[161].  

Table 1-2 Ignition time (tig) of nanofiller-based polymers 

Fillers with weight percentage Matrix 

Change of tig 

relative 

to neat matrix (s) 

Heat Flux 

(kW/m2) 

Phosphorous-grafting POSS  

(2-5wt%) [231-233] 
EP +(5-12) 50 

Modified boron nitride (BN)  

(10wt%) [234] 

Bismaleimide 

Resin 
+95 35 

Silica Modified BN (1wt%) [235] EP +24 35 

Graphene [236] EP +18 35 

C60 [237] PP +15 35 

Organic Modified 

MMT [161] 
PET -250 25 

Organic Modified 

MMT [161] 
PA6 -85 25 

Hectorit [238] PS -10 35 

[Fe(bpy)3]2+-modified 

hectorit [238] 
PS +8 35 

 

 

Fig.1-14 (a) Surface temperature of PET nanocomposites; (b) (c) (d) cross-section of samples at 
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ignition of PET, PET/CNa+ and PET/C30B; (e) surface temperature of PA6 nanocomposites; (f) 

formation of char film to shield heat [161]. 

In addition, the organic MMT (30B) conferred PA6 with reduced ignition (Fig.1-14 (e)). 

Distinct from PET [161], the melting process was not reflected via surface temperature with 

higher ignition temperature in terms of PA6/30B, which was attributed to the fast formation of 

carbonaceous film. The case was similar to that reflected by the intumescent fire-retardant PE with 

CuSAO (Fig.1-14 (f)). In terms of PP composites with 5wt% CNa+ and C20A, the tig exhibited 

complicated trends at different heat flux compared with neat PP (Fig.1-15 (a)) [167]. The tig
-1/2 

was approximately proportional to heat flux, which illuminated that the sample belonged to the 

thermally thick. The thermal-oxidation stability of PP was slightly enhanced with CNa+ and C20A, 

which theoretically resulted in delayed ignition. The reverse result of shortened ignition time (tig) 

was due to the decreased thermal inertia (ρck) and changed Tig. 

 

Fig.1-15 (a) tig value and (b) Tig value of PP and PP composites at different heat flux [167] 

The attenuated total reflection Fourier transferred infrared spectroscopy (ATR-FTIR) 

investigation of surface prior to ignition and post-ignition demonstrated that MMT nanosheets 

accumulated on the surface and acted as the barrier of the heat and oxygen, which resulted in the 

decreased c. Tig values showed the interesting change with the reduction at 35kW/m2 and 

50kW/m2 and the invariable trend at 25kW/m2 after addition of CNa+ and C20A. The different 

heat flux incited different heating rate of PP composites and different thermal inertia, which 

resulted in the complicated change of Tig.  Hausner et al. found that the metal complexation 

intercalated hectorite nanoclay endowed PS with 19s delaying of tig compared to the pristine 

hectorite-filled PS composites [238]. The promoted dispersion of nanoclay in combination of the 
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incorporation of catalyst of metal complexation in matrix PS jointly promoted the formation of the 

carbonaceous film, which effectively delayed tig. Blasi’s group studied the ignition behavior of 

carbon nanotube (CNT) filled PMMA nanocomposites via multi-step kinetic transient 1D model 

[239]. It was shown that the addition of CNT delayed and shortened tig of PMMA at low and high 

heat flux due to the early formation of shielding char and the local adsorption of heat respectively. 

In addition, BN and graphene nanosheets were found to impart thermosetting and charring EP 

and bismaleimide resin with delayed ignition behavior respectively [234-236] (Table 1-2). The 

thermal conductivity (k) and increased thermal-oxidation stability played the predominant roles, 

which separately slowed down the heating rate of top surface and slightly increased Tig. The 

similar case was detected in C60-based PP nanocomposite [237]. More importantly, the 

hierarchical functionalization of graphene nanosheets with LDH and BN nanosheets with organic 

compounds further contributed to the delaying of tig significantly, which was due to the higher c 

from better nanodispersion (Fig.1-16 (a), (b) and (c)) [234].  

Actually, the above hierarchical functionalization opened the window for further delaying 

ignition behavior. The mechanism was constrained in the alternation of thermal-oxidation stability 

and thermal inertia [109, 111, 136, 142, 191]. More novel mechanism to delay ignition should be 

explored urgently. 

 

Fig.1-16 (a) Organic hybridization of BN nanosheets [234]; (b) thermal conductivity of 

bismaleimide composites with non-modified BN (hBN) and organically modified BN (CPBN) 
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[234]; (c) TEM images of graphene modified by Ni-Fe LDH [236] 

f. Surface treatment on film, foam and fabric 

Surface treatment technique enjoyed the popularity recently due to operation-simplicity and 

cost-effectiveness in improving fire retardancy and delaying ignition. The surface treatment 

included nanoparticle adsorption, layer by layer (LBL) assembly, sol-gel technique and 

bio-macromolecule deposition [240]. Actually, the performance of delaying ignition was 

dependent on the type of matrix and coating, the amount of coating and external heat flux. In 

terms of the nanoparticle adsorption, the investigation demonstrated different rules with effective 

component of MMT-Na+ and halloysite in delayed ignition of polyester fabric and MMT-Na+ and 

POSS in delayed ignition of cotton [241]. The mechanism to account for the delayed ignition was 

due to the remarkable barrier effect, which shielded from the heat attack [242]. The underlying 

polymer matrix actually received the less heat and incited less thermal-oxidation/thermal 

degradation. Simultaneously, the adsorbed inorganic nanoparticles possessed the higher resistance 

toward ignition. 

In parallel, the LBL technique was the extension of nanoparticle adsorption based on the 

multiple adsorptions of oppositely-charged organic and/or inorganic components (Fig.1-17 (a)) 

[243]. The organic components (polyethyleneimine (PEI) [244], ammonia polyphosphate (APP) 

[245] and sodium polyacrylate etc.) and inorganic components (MMT [243], LDH [246], SiO2 

[247], POSS [248], halloysite [242], carbon nanotube (CNT) [249] and graphene oxide (GO) [250] 

etc.) were employed to form the multi-lamellar film by alternative adsorption of 

oppositely-charged components. The film was characterized by ellipsometer and electron 

microscopy in terms of thickness and morphology respectively (Fig.1-17 (b)) [251]. Herein, it was 

very uncertain whether the ignition was delayed due to the unconfirmed ignition-resistance of 

polymer matrix and coated film. In order to attain the delayed ignition (Fig.1-17 (c)) [252], the 

proper organic/inorganic ion pairs were selected (phytic acid/silica, sodium 

polyaminophosphonate/SiO2, polyallylamine/MMT and halloysite/SiO2 etc.) [241]. 

In addition, the sol-gel technique of silica or titania and the adsorption of bio-macromolecules 

were the feasible approaches to delaying ignition, relying on the relative ignition-resistance of 

matrix and coatings. In most cases, the incorporation of silica and bio-macromolecules was not 
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capable to delaying the ignition effectively in terms of cotton and polyester fabric [37, 43, 253] 

 
Fig.1-17 (a) LBL process [243]; (b) TEM images of coated fabric [251]; (c) delaying ignition of 

cotton after LBL coatings in CCT [252] 

1.2.4 Smoke suppression 

Smoke was a collection of airborne solid and liquid particulates emitted when materials underwent 

combustion or pyrolysis (smoldering) [254]. Smoke hazard constituted the key part of fire hazard 

based on the serious harm to fatality. However, the adequate attentions and focuses were not put 

on investigating physical and chemical aspects of smoke production and smoke suppression for 

the intentional design of smoke suppressant [255]. In order to figure out approaches to studying 

smoke suppression, the smoke production process was first discussed. The condensed-phase and 

vapor-phase smoke-production mechanism were put forward, which reflected that the smoke was 

produced in condensed and vapor phase respectively [8]. The mere molecule-level interpretation 

of PVC did not enable the understanding the general specific physic and chemical process of 

polymers [8, 256, 257].  
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The smoke production behavior differed in non-flaming and flaming combustion, which 

introduced the different heating ways [258]. As for the flaming combustion, the polymer matrix 

underwent the thermal degradation process in the oxygen-defect environment with the generation 

of volatiles (aliphatic and aromatic compounds) and char [258]. The volatiles were further released 

to the vapor phase and underwent the intensive thermal-oxidation reaction towards smoke and fire 

[258]. In terms of the charring polymer (e.g. EP), the char formed initially covered on the 

underlying unreacted polymer matrix, which notably inhabited the release of volatiles [139, 259, 

260]. The volatiles confined under the resultant char were capable to be conversed towards 

high-molecular-weight volatiles or char precursors (Scheme 1-8 (a) and (b)) [261]. When the 

high-molecular-weight volatiles (polycyclic aromatic compounds, PAH) were released into the 

vapor phase, the nucleation and growth of carbon particulates (main components of smoke) turned 

simpler (Scheme 1-8 (c)) [262]. Conversely, the combustion of high-molecular-weight volatiles 

became more difficult. It was considered traditionally that the char fractured due to the limited 

mechanical strength, which acted as the smoke sources.  

The non-charring polymer (PS, PP and PE etc.) generated small-molecular-weight volatiles, 

which were directly released into the vapor phase [263]. Without the conversion into 

high-molecular-weight PAH, the nucleating and growth of carbon particulates towards smoke 

intermediates became more different, which resulted in the less formation of smoke compared 

with charring polymers. 

 

Scheme 1-8  (a) Polyaromatic reaction due to protection effect of char; (b) possible reaction 
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toward formation of PAH; (c) nucleation and growth to form soot and smoke 

In terms of non-flaming combustion (smoldering), the polymer matrix underwent the 

thermal-oxidative process with less char yield [254] [264]. In the similar way, the degraded 

volatiles entered the vapor phase and were converted into soot (smoke intermediate) and smoke. 

Furthermore, the heat flux toward the pristine polymer matrix remarkably decreased due to the 

absence of flame radiation, which incited the incomplete thermal-oxidation process. Compared 

with the flaming combustion, the non-flaming combustion thus generated relatively denser smoke 

due to the dominant factor of heat flux [254].  

In the flaming combustion of the entire combustion process, the smoke-production mechanism 

was presented. Simply, the polymer matrix underwent intensive thermal degradation with the 

degraded volatiles entering the vapor phase. The volatiles underwent the further thermal-oxidation 

and were converted into smoke precursors (PAH) with high molecular weight, which subsequently 

preceded the nucleation and growth towards soot and smoke [265]. The facture of the char was 

considered to offer the small pieces of char, which flied to the flaming zone as the smoke. As the 

combustion entered the smoldering period, the smoke production was enhanced due to incomplete 

thermal-oxidation process [254]. Different polymer matrix possessed different smoke-production 

capacity. The polymers (EP, PS, PVC and acrylonitrile-butadiene-styrene copolymer, ABS etc.) 

with the stronger tendency to form polyaromatic compounds during degradation possessed the 

potentials to generate smoke. The higher heat flux droved the formation of smoke with higher 

aromatic degree. 

Based on the above assessment, the approaches to cutting off the formation process of smoke 

were considered via the chemical and physical aspects. The condensed-phase and vapor-phase 

smoke-suppression mechanism were discussed respectively. In the condensed-phase mechanism, 

the various metal-containing compounds were employed to promote smoke suppression with 

improved fire retardancy [256, 257, 266]. In the vapor-phase mechanism, the particular metallic 

iron complexations demonstrated the notable effect in reducing smoke production [267]. The 

smoke profiles were confirmed by the cone calorimeter test (CCT) and smoke density chamber 

[268].  

Vapor-phase mechanism 
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Vapor-phase mechanism was investigated predominantly based on the ferrocene and/or its 

derivatives. Ferrocene, as the metallic iron (Fe) complexation (Fig.1-18 (a)), was first employed in 

decreasing the smoke production of aviation fuels [262, 267]. Previously, the premixed flame 

(Fig.1-18 (b)) and diffusion flame (Fig.1-18 (c)) were employed to investigate the smoke behavior 

[269]. The employment of ferrocene in premixed fuel certified that remarkable smoke suppression 

effect was due to the vapor-phase mechanism, which was involved in the promoted catalytic 

degradation of smoke intermediates by the iron-containing derivatives [262, 270, 271]. When 

ferrocene molecules were applied in polymers, the situation became more complicated. The study 

showed that ferrocene suppressed the smoke production of poly(vinyl alcohol) (PVA) and PVC 

remarkably with the most dominant mechanism in vapor phase and condensed phase respectively 

[272]. Ferrocene improved the charring of PVC with LOI value increasing notably but possessed 

no effect in PVA charring behavior with ferrocene volatized.  

In terms of the iron-based metal complexation-filled non-halogenated polymer (e.g. ABS), the 

evaporated amount of the iron-based complexation was proportional to the decrease of the smoke 

density. Interestingly, the halogenated ABS showed the interesting result with the evaporated 

amount inversely proportional to the decrease of smoke density (Table 1-3) [8]. The result 

indicated that halogen incorporation changed smoke suppression from vapor phase to condensed 

phase [272]. 

Table 1-3 Relationship between smoke suppression with different additives [8] 

Polymers Additives 
Smoke suppression 

(%) 

Evaporation of metal 

(%) 

ABS 

No - - 

Ferrocene 70 100 

Ferrobenzyl phenyl 

ketone 
60 60 

Ferric acetylacetonate 30 20 

Halogenated  

ABS 

No - - 

Ferrocene 24 100 

Ferrobenzyl phenyl 

ketone 
38 60 

Ferric acetylacetonate 55 20 
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Fig.1-18 (a) Structure of ferrocene [262, 267]; (b) premixed flame; (c) diffusion flame including 

the counter-flow and co-flow mode [269] 

Condensed-phase mechanism 

The condensed-phase mechanism was involved in the smoke suppression occurring via the 

charring effect and/or charring-protection effect, which was exemplified by ferrocene-filled PVC. 

Ferrocene promoted the dehydrochlorination reaction and charring reaction, which resulted in a 

significant enhancement in fire retardancy simultaneously [256, 258, 270, 273-275]. The 

mechanistic investigation via thermogravimetric coupled with Fourier transformation (TG-FTIR), 

gas chromatograph and mass spectroscopy (TG-MS) [274] and Mossbauer analysis [258] etc., 

indicated that ferrocene molecules interacted with hydrochloride ( from dehydrochlorination of 

PVC over temperature range between 350oC and 450oC) to generate the complexation (Fig.1-19 

(a)).The complexation of ferrocene and HCl retained the ferrocene in condensed phase, which 

properly accounted for the switch of smoke suppression mechanism from vapor phase to 

condensed phase. The resultant ferrocene-hydrochloride complexation was further conversed into 

FeCl2, FeCl3 and Fe2O3, which acted as the effective catalyst to promote the charring reaction 

(detected by the increase of aromatic compounds) [256]. The charring reaction proceeded via the 

complexation effect between iron and PVC chain, which inversely enhanced the 

dehydrochlorination reaction (Fig.1-19 (b)) [272]. Approximately 1/2 to 2/3 portion of iron 

element was retained in the condensed phase. The other iron derivatives entered the vapor phase to 

perform the vapor-phase mechanism. 

Notably, the smoke production behavior differed in the flaming and non-flaming combustion 

(smoldering) with the amount of smoke lower and higher respectively, which was attributed to the 
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catalytic charring effect at oxygen-defect atmosphere and the catalytic degradation of resultant 

char at oxygen-rich atmosphere (Fig.1-19 (c)). The heavy tars and light tars (PAH) were generated 

at the oxygen-defect and oxygen-rich atmospheres respectively [258]. Apart from it, the other 

smoke suppressants included molybdenum trioxide (MoO3) [257] and zero-valent cupper (Cu(0)) 

[266] etc., MoO3 performed the smoke suppression via 1) the promoted conversion of cis-polyenes 

to trans-polyenes (the precursor of benzene and PAH) and 2) the promoted crosslinking reaction 

through Friedel-Crafts and Diels-Alder reactions in condensed phase (Fig.1-19 (d)) [8]. In contrast, 

the zero-valent copper Cu(0) performed the smoke suppression through the coupling reaction 

(Fig.1-19 (e)), which was evidenced by the fast gel reaction in TG.  

 

Fig.1-19 (a) Chemical reaction of ferrocene [256]; (b) FeCl3-involved dehydrochlorination [273]; 

(c) smoke density, CO and CO2 products at different temperature [258]; (d) smoke suppression 

mechanism of MoO3 toward PVC [8] and (e) smoke suppression mechanism based coupling 

reaction [8] 

  Recently, various nanoparticles (MMT [276], LDH [259, 277], graphene [260], BN [235] and 

halloysite [277], etc.) were employed by Hu’s group to suppress the smoke production based on 

the barrier effect towards smoke precursors. The smoke suppression curves in CCT (evaluated by 

total smoke production (TSP) and smoke production rate (SPR)) demonstrated the similar trend to 

the heat profile [5]. However, in order to improve the smoke-suppression efficiency, the approach 

to doping highly efficient charring catalyst on nanoparticles was employed [139, 260]. The highly 

efficient charring catalyst [278, 279] was generally assigned as the metal-based compounds (e.g. 

Fe [260], Cu [280], Co [281] and Mo [282]) or mesoporous materials (e.g. MCM-41 [283] and 

SBA-15). The MoO3 and Cu2O decorating graphene (Fig.1-7 (a)) revealed better smoke 
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suppression compared to the mono-component in thermoplastic polyurethane (PU) based on the 

synergistic charring of charring catalysts (performed by MoO3 and Cu2O) and the barrier effect 

(performed by graphene) (Fig.1-20) [282]. According to the similarity of the heat and smoke 

curves, the nanoparticles to impart fire retardancy based on the barrier effect (condensed-phase 

fire-retardant mechanism) were usually regarded as the smoke suppressants (e.g. Mg(OH)2, 

Al(OH)3 and talc) [8, 284]. In contrast, the vapor-phase fire retardants (e.g. triphenyl phosphate 

(TPP), DOPO and halogenated fire retardants [120]) endowed polymers with increased smoke 

production based on the dehydrogenation reaction toward the polyaromatic volatiles [4]. The 

condensed-phase smoke-suppression possessed the lower efficiency than that in vapor phase due 

to the more difficulty to form high-barrier layer at low loadings.  

However, the aforementioned approaches to utilizing nanoparticles or nanohybrids illustrated 

the low smoke-suppression efficiency. The smoke-suppression mechanism at the mesoscale level 

and molecule level was unclear. In addition, the investigation of vapor-phase smoke-suppression 

mechanism was limited on ferrocene-based PVC and mixed fuel. The molecule-level study of 

vapor-phase mechanism toward polymers was unclear. Based on the above evaluation, the current 

work was to seek for the optimized strategies to improving smoke suppression via various 

molecule design and novel mechanisms. 

 

Fig.1-20 Possible smoke suppression of Graphene/MoO3 and Graphene/Cu2O in PU [282] 

1.3 Objective of the thesis 

In consideration of reducing fire hazard of polymeric materials, the objectives of the thesis are to 

rationally design fire retardants to delay ignition and decrease post-ignition fire hazard 
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(predominantly on smoke suppression). The delayed ignition and suppressed smoke production 

were performed at multi-scale (i.e. molecule level, mesoscopic scale and macroscopic scale). The 

prerequisite was that the fire retardancy should be reduced or at least maintained. To be detailed, 

the objectives are concluded as: 

1) To design efficient strategies to delay ignition and suppress smoke for 

fire-retardant polymers 

In terms of delaying ignition, the first composite system was the exploitation of a new-generation 

radical-quenching agent (ferrocene) of polystyrene (PS). The second ignition-delaying system was 

to use mesoporous silica (SBA-15) to delay the slow-release of degraded products from PS. The 

decoration of ultrafine Co3O4 nanoparticles in the interior wall of SBA-15 enhanced the 

slow-release behavior of degraded products. The third ignition-delaying system was to develop 

halloysite (HNT)-based nanohybrid as the nanocarrier to generate the sustainable release of 

PO· radicals. 

In terms of smoke suppression, the first composite system was the insightful investigation of 

vapor-phase smoke suppression of ferrocene in PS matrix. The second smoke-suppression system 

was to solve the low sublimation temperature of ferrocene via the inclusion of ferrocene into the 

nanocarrier of sulfonated cyclodextrin intercalated layered double hydroxide (LDH-CD). The 

partial evaporation of ferrocene generated the combination of vapor-phase and condensed-phase 

mechanism. The third smoke-suppression system was to use organic LDH to suppress smoke 

production of EP. The ultrafine Ni(OH)2 nanocatalyst decorated on the exterior surface of LDH 

enhanced the smoke suppression via the novel catalytic charring at the interface.  

In terms of ignition-delaying and smoke-suppression system, the composite system was to 

control the physical parameters (k, c and ρ) and chemical parameters (thermal-oxidation 

degradation) for delaying ignition and manipulate the catalytic charring to suppress smoke 

production of EP matrix. Thermal exfoliated boron nitride nanosheets (BN) were functionalized by 

polydopamine (PDA) and iron-derived nanocatalyst (Fe) on the surface. 

2) To study the mechanism of delaying ignition 

The mechanism of above four ignition-delaying systems was systematically investigated from the 

macroscopic, mesoporous and molecule level. The ignition process occurred with the sequential 

processes of temperature-rising process of surface, thermal-oxidation degradation and the final 
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interplay of oxygen, flammable gases and ignition temperature (Tig). Macroscopic level included 

temperature-rising process and thermal-oxidation behavior. Mesoscopic level included the 

nanostructure of nanofillers and structure of polymer composites. Molecule level included the 

molecular interpretation of thermal-oxidation degradation and interaction of degraded products 

and nanofillers. In particular, we investigated the effect of physical factors (thermal inertia) and 

chemical factors (thermal-oxidation degradation) on ignition via comparative experiments and 

virtual simulations. The mechanism study paid attention on depth (multi-level interpretation) and 

width (comprehensiveness). 

3) To study the mechanism of smoke suppression 

The mechanism of above four smoke-suppression systems was systematically investigated from 

the macroscopic, mesoporous and molecule level. As the combustion occurred, the thermal 

degradation of polymers provided smoke precursors of polyaromatic compounds in the condensed 

phase. The formation of protective char decreased the release of polyaromatic compounds. In the 

vapor phase, smoke precursors nucleated and grew to smoke intermediates (soot). Macroscopic 

level included the thermal degradation of composites and thermal-oxidation stability of soot. 

Mesoscopic level included the nanostructure of nanofillers and structure of polymer composites. 

Molecule level included the molecular interpretation of charring behavior of composites and 

thermal-oxidation of soot. The mechanism study paid attention on depth (multi-level interpretation) 

and width (comprehensiveness). 

4) To establish a proper model to simulate sample temperature 

The proper model was established to simulate surface temperature with the assumption of pure 

solid fuel without chemical reaction. For one hand, the simulated result assisted the experimental 

results to analyze the effect of physical and chemical factors on temperature-rising profile of top 

surface. For another hand, the simulated temperature along the thickness direction of samples 

disclosed the information of pyrolyzed depth, which was hard to obtain via experiment. The 

pyrolyzed depth influenced by physical factors played an important role in volatile concentration, 

which belonged to chemical factors. 

5) To maintain or improve other properties (thermal stability and mechanical 

property etc.) 
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CHAPTER 2  

2 Materials and Experimental Techniques 
 
“Silence is a true friend whoever never betrays” 

-Confucius 

2.1 Materials 

The following chemicals were purchased from Sigma-Aldrich: Ferrocene, β-cyclodextrin (β-CD), 

1,4-butane sultone (BS), ethyl ether, polystyrene (PS, Mw=192000g/mol), PEO20-PPO70-PEO20 

(P123, Mw=5800g/mol), ammonium fluoride (NH4F), hydrochloric acid (HCl, 37wt%), heptane, 

traethyl orthosilicate (TEOS), urea, cobalt(Ⅱ) chloride hexahydrate (CoCl2·6H2O), maleic 

anhydride (MAH), acetone, toluene, aluminum nitrate nonahydrate (Al(NO3)3·9H2O), magnesium 

nitrate hexahydrate (Mg(NO3)2·6H2O), sodium hydroxide (NaOH), sodium 

dodecylbenzenesulfonate (SDBS), nickel nonahydrate (Ni(NO3)2·6H2O), trisodium citrate 

dihydrate (C6H5Na3O7·2H2O), hexagonal BN powder, dopamine hydrochloride (DA·HCl), 

tris(hydroxymethyl)aminomethane (tris), iron (Ⅲ) chloride (FeCl3), sodium borohydride (NaBH4) 

and diethylenetriamine (DETA). Halloysite nanotube (HNT) was bought from Benahadux 

Corporation (Almeria, Spain). 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 

and 4,4’-diaminodiphenylmethane (DDS) were purchased by TCI Corporation. Polylactide (PLA) 

(3251D) was provided by NatureWorks Corporation. Epoxydharz C was obtained from 

Faserverbundwerkstoffe Composite Technology Company. 1.8 M HCl aqueous solution was 

prepared through diluting dense HCl solution with deionized water. LDH-NO3 was kindly 

supplied by Prolabin & Tefarm Company, Italy. Tris(hydroxymethyl)aminomethane buffer 

solution with pH value of 8.5 and concentration of 0.05mol/L was prepared by ourselves. 

Deionized water was self-prepared in our institute. 

2.2 Experimental technique 

Fourier transformation infrared spectroscopy (FTIR) 

FTIR measurement was carried out using the spectrometer (Nicolet iS50, TA Instrument) from 400 
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cm-1 to 4000 cm-1 with the resolution of 4cm-1. The powder-like samples were mixed with KBr 

prior to milling and pressing into pellets. Before each measurement, the background spectra were 

collected with the neat KBr pellet. Variable-temperature FTIR (vt-FTIR) was conducted on the 

identical spectrometer (Nicolet iS50, TA Instrument) facilitated with the heating ring to control 

heating procedure (Fig.2-1). The KBr/Sample pellet was located at the hold and applied with the 

heating program: from 50oC to 400oC in 35min and invariable at 400oC for 10min. Simultaneously, 

FTIR spectra were acquired every 30s from 400 cm-1 to 4000 cm-1 with the resolution of 4cm-1. 

Software Omnic was used to analysis the 3D FTIR result. 

 

Fig.2-1 Schematic illustration of core components of vt-FTIR 

Thermogravimetric analyzer with Fourier transformation infrared spectroscopy (TG-FTIR) 

TG-FTIR was operated on FTIR spectrometer (Nicolet iS50) connected with TG analyzer (Q50, 

TA Instruments) through a heated pipe (Fig.2-2).  

 

Fig.2-2 Schematic illustration of core components of TG-FTIR (volatiles moving from right TG 

furnace to left FTIR chamber) 
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The invariable weight (15±0.2mg) sample underwent heating from ambient temperature to 

800oC with heating rate of 10oC/min. The evolved volatiles were directed to gas chamber for FTIR 

measurement. FTIR spectra were acquired every 30s from 500 cm-1 to 4000 cm-1 with the 

resolution of 4cm-1. Software Omnic was used to analysis the 3D FTIR result. 

Thermogravimetric analyzer with gas chromatograph and mass spectroscopy (TG-GC-MS) 

TG-GC-MS was performed in Agilent 6890/5973N GC/MSD System. 15±0.2 mg sample 

underwent heating from ambient temperature to 800oC at 10oC/min with pyrolyzed products 

directed to gas chromatograph (GC) via heated pipe. Further, volatiles from the outlet of GC were 

directed to the mass spectroscopy (MS) with the procedure of ionization, accelerating and 

selection (Fig.2-3). 

 

Fig.2-3 Schematic illustration of core components of TG-GC-MS (volatiles moving from right TG 

furnace to middle GC column finally to left MS chamber) 

Thermogravimetric analyzer with mass spectroscopy (TG -MS) 

TG-MS were operated in the facility with an electron-impact quadruple mass-selective detector 

(model Thermostar QMS200 M3). The sample (15±0.2mg) was heated from ambient temperature 

to 700oC at 10oC/min at argon atmosphere. The evolved gas was directed into MS. The schematic 

illustration was similar to TG-GC-MS in Fig.2-3 without GC stage. The mass charge ratio (m/z) 

for the MS detection was limited not more than 150. 

Micro combustion calorimeter (MCC) 

MCC was executed in the facility (MCC-1, FTT) based on the oxygen-depletion mechanism. The 

combustion heat with consuming 1g oxygen was fixed at 13.1 KJ with 4% derivation. The oxygen 

depletion was recorded via flow meter and O2 meter. Herein, 2-4 mg sample was heated from 150 
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oC to 700 °C at 1 K/s under nitrogen. The anaerobic thermal-degradation products were mixed 

with oxygen stream prior to conveying to 900 °C combustion furnace (Fig.2-4). Heat release rate 

(HRR, W/g) and heat of combustion (J/g) were available via the calculation of the heat generated 

by unit-weight sample. 

 

Fig.2-4 Schematic illustration of core components of MCC 

Limiting oxygen index (LOI) 

LOI value was employed to assess the flammability of polymers, which was defined as minimum 

oxygen concentration in mixed O2/N2 to permit the persistent flaming. Herein, LOI measurement 

was carried out according to ASTM D2863-13 on the sample of 12.7mm×6.5mm×3.0 mm. The 

flame flowed upward, which weakened the heat transfer to underlying pristine polymers. 

Resultantly, the fire intensity in LOI test was reduced. 

 

Fig.2-5 Schematic illustration of limiting oxygen indexer 

UL-94 test 

Vertical burning test  

UL-94 vertical burning test was performed on samples of 127.0mm×12.7 mm×3.0mm according 
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to ASTM D3801-10 (Fig.2-6 (a)). The persistent combustion times were recorded after twice 

10-second flaming, which were assigned as t1 and t2. t3 was defined as the afterglow time after the 

second flaming application. In terms of the dripping sample, the burner was tilted of 45o±2o. At 

least 2 sets of specimens were prepared. The UL-94 vertical burning ratings were assessed by 

Table 2-1. The flame moved upward, which directly heated the underlying polymers. The fire 

intensity was enhanced. 

Table 2-1 Materials classifications 

Criteria Conditions V-0 V-1 V-2 

Afterflame time, t1 or t2 for each specimen ≤10s ≤30s ≤30s 

Total afterflame time (t1+ t2 for five specimens) ≤50s ≤250s ≤250s 

Afterflame + afterglow time (t2+t3 for each specimen) ≤30s ≤60s ≤60s 

Afterflame or afterglow of any specimen to holding clamp No No No 

Cotton ignited by flaming drops No No Yes 

Note: If only one specimen from a set of five specimens does not comply with the requirements, another set of five specimens 

shall be tested. In the case of the total number of seconds of flaming, an additional set of five specimens shall be tested if the 

totals are in the range from 51 to 55 s for V-0 and from 251 to 255 s for V-1 and V-2. All specimens from this second set shall 

comply with the appropriate requirements in order for the material in that thickness to be classified V-0, V-1, or V-2. 

Horizontal burning test 

Compared to vertical burning test, horizontal burning test imposed a lower requirement in 

consideration of the transport mode of heat. The specimens with 127.0mm×12.7 mm×3.0mm were 

marked at 25mm and 100mm along the length direction and installed according to Fig.2-6 (b). In 

terms of the dripping sample, the burner was tilted of 45o±2o. The horizontal burning test in our 

experiment showed a derivation to the standard operation in ASTM D635. Herein, the combustion 

process was videoed, in which the snapshot was performed. The combustion length and 

combustion time of different samples after 25-sencond flaming were compared. In terms of one 

sample, 3 specimens should be tested for the preciseness. The flame moved upward, which 

transferred the heat horizontally to the underlying polymers. The fire intensity was enhanced at the 

medium degree. 
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Fig.2-6 Schematic illustration of (a) vertical burning test and (b) horizontal burning test 

Cone calorimeter test (CCT) [285] 

Cone colorimeter test (CCT, FTT) was considered to be the benchmark fire test, which was closest 

to realistic scenario. The CCT was performed according to standard ISO 5660-1 (Fig.2-7).The 

heat flux and the specimen thickness played important roles on the fire results. Herein, the 

thermosetting polymers possessed the unified dimension of 100.0 mm×100.0 mm×4.0 mm and 

thermoplastic polymers 100.0 mm×100.0 mm×3.0 mm. The heat flux depended on the 

investigation with the options of 25kW/m2, 35kW/m2 and 50kW/m2. 

In order to analyze the dynamic charring process, the combustion analysis in CCT was 

terminated by water or liquid nitrogen at the designated moment (herein at the time to peak heat 

release rate of pure EP at 50kW/m2, 157s). The char structure was investigated. 

The ignition behavior was carried out via external sparkling installed in cone calorimeter. The 

sparkling was located at the centre of the square sample. The distance between sparking point and 

the top surface of sample was fixed at 25mm. The amplified image was in Fig.2-8 (a). The smoke 

production was tested using the laser (Fig.2-8 (b)). When the ventilation piping was free without 

any smoke, the laser penetrated the piping completely, generating the voltage signal V0. In contrast, 

when the laser was blocked completely without any penetration, the sensor read the voltage V1. 

Reasonably, the smoke from the combustion blocked the laser partially, which generated the 

voltage Vs. Accordingly, the smoke production was assessed as the (V0-Vs)/(V0-V1), which 

reflected the blockage of laser due to the smoke. The heat release was obtained based on the 

oxygen consumption principle (similar to MCC). Experimentally, the heat release rate was 

calculated via the data read in CCT. The formula was listed in Equation (2-1). 
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  Where Δhc/r0 was the heat of combustion per kg oxygen consumed. ΔP and Te were orifice 

meter pressure differential and temperature separately. C was the intrinsic factor. X represented the 

mole faction with the subscript the initial value. As and b presented the sample size and 

stoichiometric factor. Equation (2-1) clearly illustrated the influence of C factor calibration, O2 

and CO2 concentration on the heat release. 

 

Fig.2-7 Schematic illustration of cone calorimeter from different perspectives 

 

Fig.2-8 Schematic illustration of (a) ignition apparatus and (b) laser apparatus 

Triple-milling machine 

Triple-milling machine was used to disperse nanofillers in thermosetting polymers (e.g. EP) based 

on shear and extensional deformation between the rollers (Fig.2-9). The gap distance and rotation 

speed were adapted to control the shear and extensional deformation. The less roller distance 

contributed to the extensional flow. The higher difference of rotation speed favoured shear flow. 
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Fig.2-9 Schematic illustration of triple-milling machine with the generated shear and extensional 

force 

Micro-compounder 

Micro-compounder (MC 15, Xplore) was employed to blend thermoplastic polymers and 

nanofillers. The co-rotating twin screws were installed into the barrel, which generated intensive 

shear and extensional deformation for the dispersion of fillers (Fig.2-10). During processing, the 

flowing circuit of polymer melt was formed with the flow rate determined by processing condition 

and rheological property of polymers. In terms of different polymers, the different processing 

conditions were utilized, which was detailed in the respective sections.  

 

Fig.2-10 Schematic illustration of micro-compounder and flowing circuit of polymer melt 

Temperature detection 

Surface and bottom temperature were detected via K-type thermocouple (Fig.2-11 (a)). 

Particularly, the temperature at the middle layer was tested via putting the thermocouple into the 

holes after mechanical drilling. The sample surface temperature was tested with one end of 
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thermocouple attached on the central point. In terms of the temperature detection all over the 

entire combustion process, the thermocouple of the top surface was hold by hand to accommodate 

the intumescence.. Alternatively, the combustion temperature was detected with infrared 

temperature detector (Fig.2-11 (b)). At least 2 specimens were tested for checking the repeatability. 

The detection using the infrared beam reflected the smoke temperature considering that the 

infrared beam was not able to penetrated through the smoke particles. 

 

Fig.2-11 (a) temperature detection prior to ignition using thermocouple and (b) temperature 

detection during combustion using infrared detector 

Acquisition of soot 

The soot collection process was performed in the self-designed apparatus (Fig.2-12). UL-94 

specimen was horizontally ignited from one end. The produced soot was collected using the 

arc-like glass slides with the bulge upwards. Specially, in order to confirm that the produced soot 

just pertained to the initially formed components, the distance between the glass slide and the 

UL-94 specimen was kept 20mm, which was comparable to the flame length. The glass collector 

plane was located at the flame. 

 
Fig.2-12 The soot collection process during the combustion 



CHAPTER 2 MATERIALS AND EXPERIMETAL TECHNIQUES 

50 
 

X-ray diffraction spectroscopy 

XRD was recorded with diffractometer (Empyrean, PANalytical) using Cu Kα (λ=0.154 nm) as 

the anode resource and Ni filter. The voltage and current were 45kV and 40mA respectively. The 

sample was scanned over the angle range of 20-700 or 50-700. The polymer sample should be more 

than 3mm in thickness. In terms of fluorescence-emitting materials (Co3O4 etc.), the secondary 

monochromator was used to obtain the acceptable scan. 

X-ray photoelectron spectroscopy (XPS) 

XPS was carried out on VG ESCALAB MK II spectrometer with Al K α X-ray radiation. The 

operation voltage and current were 10kV and 10mA respectively.  

Raman Spectroscopy 

Raman spectra were recorded using Raman microscopy system (Renishaw PLC) equipped with a 

532nm Nd:YAG laser (50 mW at 532 nm) and a diffraction grating of 1800 l/mm. Wire 4.1 

software was used to fit the peak and calculate the peak size.  

Scanning electron microscopy (SEM) 

SEM observation was manipulated on the equipment (EVO MA15, Zeiss) facilitated with 

dispersive X-ray spectra (EDS) (Oxford INCA 350). The powder specimen was spread on the 

holder with the conductive tape. Polymer specimens were supposed to undergo cryo-fracture or 

impact-fracture. Finally, the conductive gold layer was sputtered on the sample surface prior to 

observation. The operation voltage was chosen as 20kV. FIB-FEGSEM dual-beam microscopy 

was operated on the equipment (Helios NanoLab 600i, FEI). 

Transmission electron microscopy (TEM) 

TEM observation was carried out on FEG S/TEM microscope (Talos F200X, FEI) equipped with 

EDS. The accelerating voltage was 200kV and 80kV dependent on the actual requirement. STEM 

mode was employed to analyze element and its distribution. The powder sample was dispersed in 

acetone and applied with the ultrasonication for 20 min prior to dropping onto the copper grid. 

After evaporation, the power sample was observed with normal TEM, selective area electron 

diffraction (SAED) and energy dispersive spectroscopy (EDS). In terms of EP composites, the 

ultrathin section was prepared using the ultramicrotomy to ca. 80 nm in thickness. 
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Dynamic mechanical analysis (DMA) 

Dynamic mechanical behavior was analyzed on dynamic mechanical analyzer (DMA, Q800, TA 

instruments) on single cantilever. In terms of EP matrix, the measurement proceeded with 

temperature rising from room temperature to 270oC at 3oC/min at the amplitude of 30μm and 

frequency of 1Hz. 

Differential scanning calorimeter (DSC) 

DSC was performed on the facility (Q200, TA instruments). Approximately 8mg sample was 

charged into the hermetic pan and then was applied with the temperature following program: 1) 

Heating from 0oC to 200oC at the rate of 20oC/min 2) Isothermal for 10min 3) Cooling from 200oC 

to 0oC at the rate of 10oC/min 4) Isothermal for 5min 5) Heating from 0oC to 200oC at the rate of 

10oC/min. 

Thermogravimetric analysis (TG) 

TG was performed on Q50 (TA Instrument) from ambient temperature to 800oC at heating rate of 

10oC/min and 40oC/min at N2 and air atmosphere. Apart from it, aiming to study the charring 

process, the invariable-temperature degradation process was performed at N2 atmosphere via the 

rapid heating at 30oC/min to 350oC and subsequently keeping invariable temperature for 30min. 

Thermal conductivity and specific heat of capacity [286, 287] 

Thermal conductivity was conducted in Hot Disk Thermal Constants Analyzer (Switzerland). The 

heater and temperature detector was installed between two samples with the thickness more than 

6mm. The bulk and isotropic heat radiation mode was adopted. Through the test, the thermal 

conductivity (k), specific heat of capacity (c) and thermal diffusion were acquired. 

N2 sorption test 

N2 sorption was conducted with Micromeritics ASAP 2010 surface area and pore size analyzer. 

Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) model were separately 

used to calculate the specific surface area and the pore size distribution. 

Tensile test 

Tensile behavior was characterized on the dual column tabletop universal testing system 

(INSTRON 5966) according to ASTM D 638-10. The dogbone sample (Type I) was drawn with 
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extension rate of 0.5mm/min. The data were obtained as average values of 5 samples. 

Temperature simulation 

The finite element simulation (FE) was in commercial FE software Abaqus/standard. A user 

subroutine DFLUX is developed to describe the in-situ heat flux at top surface. The simple 1-D 

thermally conductive model was established. Within the plain, heat conductivity was considered to 

be absent. 

1H Nuclear magnetic resonance spectroscopy (1H-NMR) 

1H-NMR spectra were recorded on a Bruker DRX 500 with dimethyl sulfoxide-d6 (DMSO-D6) as 

solvent. Tetramethylsilane (TMS) was used as the internal standard. 
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CHAPTER 3 

3 Ignition delaying via flame inhibition and volatile slow-release 
 

“The only true wisdom is in knowing you know nothing” 

-Socrates 

3.1 Introduction 

Recent investigation of ignition behavior was confined in the development of more accurate 

models to simulate the ignition behavior of neat polymers, which propelled the better 

understanding of the ignition. However, the sysmatically study of delaying ignition of polymers 

was awfully inadequate due to the lacking of efficient approaches. The flame inhibition from 

phosphorous-containing and halogenated fire retardants accounted for delaying ignition of 

polymers. However, the efficiency to delay ignition was full of significant uncertainty. Therefore, 

it was necessary to develop novel flame-inhibition agents (or radical-quenching agents), efficient 

flame-inhibition strategies and other novel ignition-delaying strategies. Based on above 

assessment, the detailed aims were set in the chapter, which were involved in 1) development of 

novel ignition-delaying agent based on flame inhibition 2) development of novel ignition-delaying 

strategy to improve efficiency of traditional flame-inhibition agent and 3) development of novel 

ignition-delaying strategy using novel volatile slow-release approach. In addition, the fire 

retardancy of the ignition-delayed polymer composites should be maintained or enhanced, which 

was considered as the prerequisite.  

In consideration of the difference prior to ignition and after ignition, traditional design of 

hierarchically structural nanofillers lost the partial effectiveness [120]. Hence, in order to 

rationally design the targeted nanostructure, the novel strategies should be tentatively developed. 

Inspired by the slow-release fertilizer, the slow-release behavior of flame-inhibition fire retardants 

was regarded to strengthen flame-inhibition behavior due to sustainable effect (Scheme 3-1). 

Based on the consideration, the traditional flame-inhibition agents and the slow-release carriers 

were properly selected. Halloysite nanotubes (HNT) (Al2Si2O5(OH)4·nH2O) as a typical 1D 

nanotube [288] demonstrated a remarkable effect in sustainable release of various inclusions from 
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the internal cavity [289-291]. HNT with inclusion of fire retardant (i.e., dimethyl methyl 

phosphonate, DMMP) exhibited the fast evaporation without any difference with  

mono-component DMMP, which illuminated that the slow-release behavior turned invalid during 

heating process [292]. Fortunately, HNT nanotubes with lumen-like structure supplied a large area 

of interior and exterior surface for grafting modification, accompanied by partial encapsulation of 

fire retardant inside nanotubes. Also, HNT revealed a reinforcement effect in fire retardancy [293, 

294] and mechanical property [295-297]. 

 
Scheme 3-1 Normal release versus sustainable slow release 

Apart from it, it was anticipated that the volatiles from degradation of polymers were 

manipulated towards slow-release behavior. Compared with the normal ignition behavior, the 

slow-release system required longer time to reach the critical concentration of flammable gases. 

According to the previous references [298-300], mesoporous materials with pore size between 

2nm and 50nm exhibited the capacity to delay release of volatiles. The ignition and fire behavior 

of typical mesoporous silica SBA-15 filling polymers were not investigated clearly [301]. In order 

to enhance the slow-release effect, the hierarchical functionalization of SBA-15 was required. 

  In parallel, inspired by the flame-inhibition effect of ferrocene in premixed and diffused flame 

(Fig.1-18), the effect of ferrocene on ignition-delaying of polymers were investigated [302-305]. 

The study was aimed at seeking for an effective and novel ignition-delaying agent with 

understanding of delaying ignition. 

3.2 Preparation and characterization of targeted nanohybrid  

3.2.1 Preparation of SBA-15@Co3O4 

Preparation of SBA-15 mesoporous silica 
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SBA-15 was prepared according to the reference [306]. 9.6 g of P123, 0.112 g of NH4F and 160 

mL of 1.8 M HCl were charged to a single-necked flask with magnetic stirring. The temperature 

was kept at 17 oC steadily. The stirring was maintained until P123 was fully dissolved. 

Subsequently, 34 mL of heptane and 11 mL of TEOS were added at the same condition and kept 

for 4min.  After additional 3h static treatment, the mixture was transferred to 200 mL autoclaves 

and kept at 100oC for 24h. The resulting product was filtered and washed repeatedly for 6 times 

with deionized water and then dried overnight in vacuum oven. Subsequently, the product was 

calcined in the muffle at 550 oC for 4h to remove the structure directing agent P123. Schematic 

illustration was shown in Scheme 3-2. 

 

Scheme 3-2 Schematic illustration of SBA-15 preparation process 

Preparation of SBA-15@Co3O4 nano-architecture 

10.56 g of urea and 10.24 g of CoCl2·6H2O were dissolved in 800 mL deionized water in a beaker 

with properly magnetic stirring. Until totally clear solution formed, 4g of the resultant SBA-15 

was added into the solution. In order to guarantee the adequate contact between the final solution 

and interior pore walls of SBA-15, this procedure was maintained 24 h. Then the mixture was put 

in a household microwave oven with the power 700 W and frequency 2450 MHz for microwave 

reaction of 10min. After that, the mixture was taken out and cooled down naturally. This 

procedure would be repeated additional twice in order to ensure effective reaction.  Eventually, 

the resultant product was filtered and washed with deionized water, followed by washing with 1M 

HCl solution for 3 times quickly to remove Co(OH)2 on the exterior surface of SBA-15. The 

product was dried overnight in the vacuum oven and calcined in muffle at 320 oC for 3h at air 
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atmosphere. Finally, dark brown powder was obtained as the Co3O4 nanoparticles doped SBA-15. 

The specific schematic illustration was shown in Scheme 3-3. 

 

Scheme 3-3 Preparation of SBA-15@Co3O4 nano-architecture 

3.2.2 Characterization of SBA-15@Co3O4 

FTIR and Raman Spectra 

FTIR spectra of SBA-15 and SBA-15@Co3O4 were shown in Fig.3-1 (a). The presence of 

SBA-15 was evidenced by the peaks at 3727cm-1 and 1048cm-1, which were attributed to the 

stretching vibrations of silanol groups and Si-O-Si groups respectively. The peaks at 3430cm-1 and 

3420cm-1 were assigned to the stretching vibrations of hydroxyl groups of the absorbed water on 

SBA-15 and SBA-15@Co3O4 separately. The slight alteration of the hydroxyl location of 

SBA-15@Co3O4 was due to the formation of strong hydrogen bonds between Co-OH and 

hydroxyl groups of absorbed water molecules [307]. In parallel, the relative intensity of Si-O- peak 

(962cm-1) in SBA-15 was higher than that of SBA-15@Co3O4, which indicated that Si-O- group 

became Si-OH structure with the incorporation of Co3O4. Meanwhile, Raman spectra were 

executed and showed in Fig.3-1 (b). The peaks at 675cm-1 and 470cm-1 were respectively assigned 

to A1g and Eg vibration mode of Co3O4 in SBA-15@Co3O4 [308]. In contrast, no corresponding 

peaks emerged in the SBA-15. 
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Fig.3-1 (a) FTIR spectra of SBA-15 and SBA-15@Co3O4 (b) Raman spectra of SBA-15 and 

SBA-15@Co3O4 

XRD analysis 

XRD spectra of SBA-15 and SBA-15@Co3O4 were portrayed in Fig.3-2 (a) and (b). Over the 

small angle range from 0.2o to 5o, three notable peaks were assigned to (100), (110) and (200) 

crystal faces, which revealed the hexagonal structure in both SBA-15 and SBA-15@Co3O4. 

Interestingly, SBA-15 and SBA-15@Co3O4 possessed the identical 2 theta angle in terms of the 

three peaks, which illuminated the identical crystal face spacing, i.e. 12.3nm, 7.4nm and 6.4nm 

respectively based on the Braggs’ Equation. 

 

Fig.3-2 XRD spectra of SBA-15 and SBA-15@Co3O4 (a) at the small angle and (b) at the wide 

angle 

In addition, SBA-15@Co3O4 possessed extra peaks over the wide angle from 10o to 70 o, which 

was due to the incorporation of heterogeneous substances. The new peaks were assigned to the 

crystal faces (110), (220), (311), (400), (422), (511) and (440) of the cubic spinel Co3O4 based on 

the standard card of Co3O4 (JCPDS card No.42-1462) [309]. Moreover, the crystal face spacing 
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(0.23nm) of (311) showed slightly different trend with non-confined Co3O4, which was indicative 

of the confined crystal growth in mesopores. 

TEM and EDS analysis 

TEM and EDS analysis were exhibited in Fig.3-3 In Fig.3-3 (a) and (b), SBA-15 and 

SBA-15@Co3O4 both revealed rod-like geometry, which was consistent with SEM result (not 

shown here). In Fig.3-3 (c) and (d), the regularly hexagonal mesopores were presented in SBA-15 

and SBA-15@Co3O4 with approximate pore size 10nm, which was in good consistence with N2 

sorption result (Table 3-1). In terms of SBA-15@Co3O4, Co3O4 was homogeneously aligned on 

SBA-15 interior walls with ultrafine nano-scale size (2-5nm) (red circle in Fig.3-3 (e)). 

 
Fig.3-3 TEM observations of (a,c) SBA-15, (b,d) SBA-15@Co3O4 in different magnifications and 

(e) high magnification TEM image of SBA-15@Co3O4 with marked Co3O4 ultrafine nanoparticles 

and model SBA-15@Co3O4; EDS spectra of (f) SBA-15 and (g) SBA-15@Co3O4 with the inset 

mapping results and atomic percentage 

EDS analysis (Fig.3-3 (f)) showed that SBA-15 contained two elements (Si and O), while 

SBA-15@Co3O4 possessed the additional element cobalt (Co). Co element (bright dots) was 
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aligned preferentially along the pore direction in SBA-15@Co3O4 with the cobalt atomic 

percentage was 1.0%. The results indicated that Co3O4 nanoparticles were judiciously located 

along SBA-15 interior walls, which was due to the alternative treatment of Co2+ diffusion and 

microwave radiation in terms of SBA-15. The Co2+ diffusion supplied precursors and the 

microwave radiation promoted the transformation of precursors into Co(OH)2. 

Table 3-1 Parameters from N2 adsorption and desorption of SBA-15 and SBA-15@Co3O4 

Samples Specific area (m2/g) pore size(nm) 

SBA-15 605 9.8 

SBA-15@Co3O4 395 9.8 

3.2.3 Preparation of HNT@MAH@DOPO 

Preparation of maleic anhydride modified halloysite (HNT@MAH)[120] 

The HNT modification was based on the reaction between hydroxyl groups on HNT surface and 

anhydride groups in MAH. In a typical procedure, 3g MAH and 17g HNT were charged into 

500mL three-necked equipped with 200mL toluene. The modification reaction proceeded with 

vigorous magnetic stirring under the reflux condition for 24h. The white product labelled as 

HNT@MAH was obtained after washing with acetone several times and drying overnight. The 

schematic illustration was demonstrated in Scheme 3-4. 

Preparation of HNT@MAH@DOPO [120] 

The DOPO grafting reaction was based on the reaction between P-H groups in DOPO and double 

bonds in MAH molecules [310]. 10g DOPO was poured into the resultant HNT@MAH toluene 

suspension in 2.2 under the vigorous magnetic stirring and N2 atmosphere. After the reaction for 

24h, the product was collected after filtration and washing with ethanol for several times. Finally, 

the light-yellow powder labelled as DOPO@HNT@MAH was acquired after drying overnight. 

The specific illustration was exhibited in Scheme 3-4. 
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Scheme 3-4 Preparation route of HNT and its derivatives 

3.2.4 Characterization of HNT@MAH@DOPO 

FTIR spectra 

FTIR spectra (Fig.3-4 (a)) were employed to analyze the chemical reactions in HNT modifications. 

Notably, the peak located at 1038cm-1, which was assigned to the stretching vibration of Si-O 

(HNT), was retained in HNT@MAH and HNT@MAH@DOPO. It illuminated that HNT 

component was not destroyed during the modification. Besides, the comparison of HNT and 

HNT@MAH spectra showed that -OH groups on the exterior surface (3424cm-1, stretching 

vibration mode) of HNT vanished after MAH modification [311], which indicated that MAH 

modification occurred at the exterior surface. Meanwhile, the new peaks at 3552cm-1 (-OH in 

carboxyl group), 3067cm-1 (=C-H, stretching vibration), 1720cm-1 (carbonyl group) and 1448cm-1 

(C-H bending vibration) appeared, which was due to the reaction between hydroxyl groups and 

anhydride groups. The sharp peak located at 3622cm-1 (interior hydroxyls on the surfaces) became 

slightly weaker after MAH modification relative to the peak at 3703cm-1, which evidenced the 

occurrence of the reaction between interior hydroxyls and anhydrides. Conclusively, the MAH 

grafting modification occurred on both interior and exterior surface. 

  The analysis of HNT@MAH, HNT@MAH@DOPO and DOPO illustrated that the new peak at 

2940cm-1 (C-H stretching vibration, -CH2-) emerged in contrast to NHT@DOPO. The peak of 

2385cm-1 (P-H) in DOPO structure totally vanished, which manifested the reaction between P-H 

and double bonds. Comparatively, 1584cm-1 (P-Ph) and 1191cm-1 (P=O) in DOPO molecules was 

kept in HNT@MAH@DOPO, which indicated the presence of the DOPO structure. Conclusively, 

HNT@MAH@DOPO was successfully synthesized through the successive reaction between HNT, 
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MAH and DOPO [312]. 

XRD spectra 

XRD spectra (Fig.3-4 (b)) were employed to investigate the crystalline of HNT and its derivatives. 

In terms of HNT, the peaks at 2 theta of 11.7o and 24.7o were respectively attributed to the (001) 

and (002) crystal faces, which were corresponding to 7.1 Å and 3.6 Å based on the Braggs’ 

equations. After the MAH modification, no visible change was detected, which indicated that 

MAH reaction with the hydroxyls did not destroy the crystalline structure of halloysite nanotubes. 

In parallel, after the incorporation of DOPO structure into HNT@MAH, the peak locations of the 

main crystal faces (001) and (002) remained invariable, which demonstrated the main lamellar 

structure was kept well in HNT@MAH@DOPO. Besides, two tiny peaks emerged at around 5o, 

which was attributed to the partial intercalation of halloysite lamellar structure [296]. Actually, in 

consideration of the fact that no peaks emerged at around 5o in terms of HNT@MAH, it was 

obtained that MAH@DOPO structure rather than merely MAH structure was able to intercalate 

halloysite. In addition, two peaks located at around 15o emerged compared to HNT@MAH were 

present, which belonged to free DOPO crystalline. It indicated that some free DOPO crystalline 

existed in the halloysite nanotubes. Conclusively, HNT@MAH@DOPO kept the similar 

crystalline structure to NHT, with exception to some intercalated halloysite lamellar structure by 

MAH@DOPO. Some free DOPO crystalline were present in halloysite nanotubes. 

 

Fig.3-4 (a) FTIR spectra and (b) XRD spectra of HNT, HNT@MAH, HNT@MAH @DOPO and 

DOPO 

TEM observation 

TEM images of HNT and HNT derivations at different magnifications were revealed in Fig.3-5. In 
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detail, HNT exhibited notable nanotube structure, with microscale length and nanoscale diameter 

in Fig.3-5 (a). Meanwhile, the diffraction dots in the inset SEAD patterns reflected the lamellar 

crystalline structure, which was in consistent with XRD result. Comparatively, the MAH 

modification of HNT did not change the morphology of HNT and SEAD patterns (Fig.3-5 (c)). In 

parallel, after the incorporation of DOPO, the morphology and the main SAED patterns of 

HNT@MAH@DOPO remained nearly unchanged. Surprisingly, the intercalated HNT structure 

was slightly detected in Fig. 3-5 (e) due to the enlargement of the lamellar spacing relative to 

HNT@MAH.  

 

Fig.3-5 TEM images with inset SAED patterns of (a) HNT, (c) HNT@MAH and (e) 

HNT@MAH@DOPO; EDS of (b) Si mapping of HNT, (d) C mapping of HNT@MAH and (f) P 

mapping of HNT@MAH@DOPO 

EDS of HNT and its derivatives were carried out in Fig.3-5. From EDS spectra (not showed 

here), HNT was composed of Al, Si and O elements, with atomic ratio of 1:1:4.6., which was in 

good agreement with the structural formula of Al2Si2O5(OH)4·nH2O. Regarding HNT@MAH, C 

element was dispersed homogeneously on HNT surface, which manifested the existence of MAH 

molecules in HNT@MAH. In parallel, in terms of HNT@MAH@DOPO, P element attributed to 

DOPO structure was stably attached in HNT, which indicated that DOPO structure was also 

present along HNT nanotubes. Meanwhile, the element quantification demonstrated the P atomic 

percentage in Si, Al and P elements was 2.5%. 
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XPS analysis 

XPS analysis was further employed to investigate the reactions between HNT, MAH and DOPO 

structure. In Fig.3-6 (a), HNT@MAH possessed Al 2p, Si 2p, Al 2s and Si 2s peaks, which were 

attributed to HNT. C1s and O1s peaks evidenced the presence of MAH in HNT@MAH. In 

comparison, the extra P2p and P2s peaks indicated that DOPO molecules existed in 

HNT@MAH@DOPO (consistent with EDS result), accompanied by the increase of peak intensity 

ratio of C1s to O1s. In parallel, in C 1s spectra (Fig.3-6 (b)) of HNT@MAH, the peaks at 289.7eV, 

285.7eV, 284.9eV and 284.2eV were assigned to O-C=O, C-O, C=C of exterior grafting MAH and 

C=C of interior grafting MAH respectively [111, 313]. After grafting of DOPO molecules, C1s 

spectra (Fig.3-6 (c)) exhibited the peaks at 284.5eV and 285.3 eV, which were attributed to C-C-P 

of the interior and exterior grafting MAH. Meanwhile, P2p spectra (Fig.3-6 (d) possessed the 

peaks at 134.1eV, 133.5eV and 132.9 eV assigned to P=O covalently connected to the exterior, 

interior wall and free DOPO [314], which further evidenced that DOPO structure existed in the 

different locations of HNT. 

 

Fig.3-6 (a) XPS spectra of HNT@MAH and HNT@MAH@DOPO; (b) C1s spectra of 

HNT@MAH; (c) C1s spectra of HNT@MAH@DOPO; (d) P2p spectra of HNT@MAH@DOPO 

TG analysis 
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The thermal degradation investigation results of DOPO, HNT, HNT@MAH, HNT@MAH-DOPO 

and HNT@MAH@DOPO were shown in Fig.3-7. In Fig.3-7 (a), HNT, HNT@MAH, 

HNT@MAH-DOPO and HNT@MAH@DOPO both exhibited the onset degradation temperature 

(T5wt%) higher than 200oC, which evidenced their thermal stability during the mechanical 

processing. Meanwhile, the residue yield of HNT, HNT@MAH and HNT@MAH@DOPO at 

600oC followed the sequence: HNT>HNT@MAH>HNT@MAH@DOPO, which reflected the 

successful incorporation of MAH and DOPO in HNT. Similarly, HNT@MAH@DOPO 

demonstrated higher T10wt% (318oC) than that (245oC) of HNT@MAH-DOPO, which was due to 

the carbonization capacity of the chemical grafting DOPO. 

In order to further confirm the approximate content of DOPO in HNT@MAH@DOPO, the 

assumption was made that the DOPO structure was totally degraded (or/and evaporated) and 

released during heating. Moreover, the volatiles were predominantly DOPO molecules. The 

calculation formula was as follows: 
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                          (3-1) 

Where DOPOw , @ @HNT MAH DOPOy , @HNT MAHy , DOPOy , @HNT MAHy were respectively marked as 

DOPO weight percentage in HNT@MAH@DOPO, residue yield of HNT@MAH, DOPO and 

HNT@MAH at 600oC. Finally, DOPO weight percentage was calculated as 16%. Based on the 

calculated DOPO weight percentage of 16%, HNT@MAH-DOPO was prepared via the direct 

physical addition of 84% HNT@MAH and 16% DOPO.  

  Apart from it, the DTG curves demonstrated some interesting phenomenon. In Fig.3-7 (b), 

DOPO and HNT@MAH possessed only one degradation (and/or evaporation) stage with the 

temperature at maximum degradation rate (Tm) 258oC and 485oC respectively. As for the direct 

physical addition of HNT@MAH and DOPO (HNT@MAH-DOPO), distinct two peaks at 258oC 

and 485oC emerged, which were separately attributed to DOPO and HNT@MAH degradation 

(and/or evaporation) process. Moreover, it also indicated that direct addition of DOPO and 

HNT@MAH did not generate the detectable interaction between them during thermal degradation. 

Very attractively, HNT@MAH@DOPO exhibited a multi-step thermal degradation process with 
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Tm at 194oC, 336oC, 479oC and 593oC. Actually, the peak at 479oC was assigned to thermal 

degradation of HNT and the peaks at 194oC, 336oC and 593oC were all attributed to the thermal 

degradation (and/or evaporation) of DOPO related components, including free DOPO, HNT 

grafted DOPO and MAH@DOPO (corresponding to DOPO locations in HNT@MAH@DOPO 

showed in XRD and XPS analysis).  

 

Fig.3-7 (a) TG curves and (b) DTG curves of DOPO and HNT derivatives 

TG-MS 

Aiming to further evidence the temperature-controllable slow-release behavior of DOPO and 

DOPO derivatives, TG-MS of HNT@MAH@DOPO was carried out in Fig. 3-8. In Fig.3-8 (a) 

and (b), phosphorous-containing fragments (PO2 and HPO2) emerged at roughly 100oC, 219oC, 

328oC, 461oC and 619oC, which were suitably corresponding to peaks of DTG curve of 

HNT@MAH@DOPO. Reasonably, the PO2 and HPO2 fragments were originated from DOPO and 

DOPO derivatives (Fig.3-8 (d)). The PO structure was not detected due to the limited lifespan and 

concentration, which propelled the conversion to other PO derivatives. Theoretically, PO· was 

present, which probably reacted with ·O and OH· to generate PO2 and HPO2. 

The investigation of m/z=76 (Fig.3-8 (c)) demonstrated that the degraded products contained 

different amount of benzene structures. The sustainable and sequential release of benzene, PO2 

and HPO2 revealed the different locations of DOPO and DOPO derivations in HNT, which was 

consistent with FTIR, XRD and XPS results. The degradation sequence probably followed the 

order of free DOPO, DOPO derivatives grafted on HNT exterior wall, DOPO derivations 

intercalated in HNT and DOPO derivatives grafted on HNT interior wall with the increasing 

temperature. Conclusively, in combination with TG-MS and DTG curves, HNT@MAH@DOPO 

demonstrated a step-wise slow-release behavior of fire-retardant components (Scheme 3-5), which 
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was able to promote improvement of flame inhibition based on the aforementioned analysis. 

 

Fig.3-8 Evolution of the m/z values of (a) 63, (b) 64 and (c) 76; (d) schematic illustration of 

degraded fragments 

 
Scheme 3-5 Slow-release behavior of DOPO and its derivatives of HNT@MAH@DOPO 

3.2.5 Preparation of composites 

Preparation of PS/Ferrocene composites  

The fractions of 1wt% and 3wt% ferrocene were blended with PS to prepare PS/1Ferrocene and 

PS/3Ferrocene, respectively using the micro-compounder at the temperature of 220 oC collectively 

for 2min. The reference sample pristine PS was also fabricated with the identical procedure. 

Afterwards, the obtained strips were made to sheets for CCT and smoke production. 
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Preparation of PS/SBA-15 and PS/SBA-15@Co3O4 composites 

PS with SBA-15 and SBA-15@Co3O4 were prepared via melt blending at 220 oC for 3 min using 

micro-compounder. Based on this condition, series of PS composites were prepared, including 

neat PS, PS composites with 2wt% fractions of SBA-15 and SBA-15@Co3O4 with the respective 

labels as PS, PS/2SBA-15 and PS/2SBA-15@Co3O4. Subsequently, these PS composites were 

further hot-pressed into sheets with different dimensions for the corresponding tests. 

Fabrication of PLA composites with HNT and its derivatives 

5% weight fraction of HNT, HNT@MAH and HNT@MAH@DOPO was melt blended with PLA 

matrix for 2min at the temperature of 165oC with rotation rate of 100 rpm to obtain the products 

labelled as PLA/5HNT, PLA/5HNT@MAH and PLA/5HNT@MAH@DOPO respectively. 

According to the identical rule, the neat PLA and PLA composites with 3wt% and 7wt% 

HNT@MAH@DOPO were also prepared and labelled as PLA, PLA/3HNT@MAH@DOPO and 

PLA/7HNT@MAH@DOPO correspondingly. PLA composite with 5wt% simple mixture of 

HNT@MAH and DOPO was fabricated in the identical way with the label as 

PLA/5HNT@MAH-DOPO. Subsequently, the resultant products were hot-pressed into different 

samples for the following measurements. 

3.3 Property and mechanism of composites 

The investigation of property and mechanism was mainly associated with ignition behavior and 

ignition mechanism. It was emphasized that herein and hereafter the ignition mechanism was 

concentrated on ignition-delaying mechanism with the preference of investigation of impact of 

fillers on ignition behavior. Ignition delaying was defined as the difference of the ignition behavior 

of neat polymer and polymer composites (and/or nanocomposites). Apart from it, the analysis of 

ignition-delaying mechanism was focused on the three fundamental aspects of fire occurrence 

(volatiles, temperature and oxygen). The volatile study included the volatile species and volatile 

concentration, which was impacted by the thermal degradation and/or thermal-oxidation 

degradation of polymer composites (nanocomposites). The temperature study was stressed on the 

top-surface temperature with the influence of phase change, reaction heat and gasification. 

Mechanism investigation was carried out, which was divided into three levels i.e., molecule 

level, structure level and macroscopic level. In detail, the temperature of top surface and volatile 
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profile above surface of samples were directly correlated to ignition time (tig). Temperature profile 

was correlated with ρ, c and k value, which were determined by the composition and dispersion 

state of polymer composites. The dispersion state was determined by the property of polymer 

matrix and nanofillers. In parallel, the volatile profile of specimen (in consideration of sample size) 

was determined by the thermal-oxidation degradation of polymer composites and the vertical 

temperature distribution. The thermal-oxidation degradation was mainly determined by chemical 

composition and structure of nanofillers and other additives. The ignition temperature (Tig) was 

determined by the volatile profile (volatile concentration and volatile species), oxygen 

concentration and gasification profile (the constant value in the identical system). The assumption 

was made. The aforementioned analysis was based on the fact that the melt viscosity of polymer 

composites played a neglectable effect on the ignition [96]. In other word, the upward and 

downward movement of polymer melt due to bubble movement was neglectable. Herein, the 

dominant indicators were picked out as thermal inertia (ρck) and volatile profiles. In order to 

weaken the impact of other factors, the comparative experiments were elaborately designed. 

3.3.1 PS/Ferrocene composites 

a) Ignition behavior of PS/Ferrocene composites 

Ignition time 

The heat release rate (HRR) and weight percentage of PS, PS/1Ferrocene and PS/3Ferrocnene at 

the ignition stage were exhibited in Fig.3-9 (a) and (b) respectively with heat flux of 25kW/m2. In 

theory, the ignition occurred at critical mass loss rate (MLR) and HRR of 1-6 g·s-1·m-2 and 

20-100kW/m2 respectively according to the definition of ignition as the complete flaming [164]. 

The transfer point from plateau zone of HRR and MLR was selected as the ignition for 

consistency, which probably presented the end of intensive thermal-oxidation degradation and 

beginning of small flashes. In detail, the addition of 1wt% and 3wt% ferrocene delayed tig value to 

104±2 s and 112±2 s from 95±2 s of neat PS separately. In order to investigate the mechanism for 

delayed ignition, the heating process of the top surface and thermal degradation behavior were 

studied according to the analysis in Section 3-1. 



CHAPTER 3 IGNITION DELAYING VIA FLAME INHIBITION AND VOLATILE 
SLOW-RELEASE 

69 
 

 

Fig. 3-9 (a) HRR curves and (b) weight profile at ignition stage of PS, PS/1Ferrocene and 

PS/3Ferrocene 

Ignition temperature 

The surface temperature was illustrated in Fig.3-10 (a). Neat PS underwent the melting process 

between roughly 225s and 255s and the ignition behavior at 262oC. In parallel, PS/3Ferrocene 

possessed similar melting process to that of PS but different heating process between roughly 275s 

and 375s with Tig of 350oC. In consideration of the direct relationship between heating process and 

the physical parameters (ρ, c and k), the similar melting process indicated the neglectable impact 

of ferrocene on ρ, c and k. Notably, the temperature-rising process between roughly 275s and 375s 

did not result in the ignition, which was considered to be associated with the change of chemical 

parameters (volatile species and volatile concentration).  

After careful analysis of the ignition behavior of PET, PP, PA6 and PLA [161, 167], the ignition 

temperature, volatile species, volatile concentration and gasification profile constituted the 

balanced system to determine ignition. In this system, the gasification profile played a weak role 

according to the continuous temperature-rising trend in Fig.3-10 (a). The similar case was also 

detected in the PP system [167]. The molecular interpretation was considered to be relatively 

stronger C-C backbone of PS, which slowed down the thermal-oxidation process compared to C-O 

backbones of PET [161]. In parallel, the volatile concentration of PS/3Ferrocene was higher than 

that of PS in Fig.3-11 (a) in combination of the prolonged degradation time (Fig.3-10 (a)). The 

increased Tig was predictively focused on the change of the volatile species. Based on the previous 

study by Linteris [302-304], the flame inhibition (or radicals quenching) of ferrocene derivatives 

was considered to be responsible for the heating process. The temperature of top surface kept 

rising at the stage of radicals quenching due to the limited gasification. When the radicals of 
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H· and OH· were generated from thermal-oxidation degradation of volatiles, the radicals from 

ferrocene terminated H· and OH·. In order to evidence the reaction, the degraded products from 

PS/3Ferrocene were analyzed by TG and TG-MS.  

In order to confirm the heating rate in TG and TG-MS, the heating rate of top surface was 

investigated. The derivation of temperature curves generated the temperature rising curves of PS 

and PS/3Ferrocene (Fig.3-10 (b)), which revealed that the temperature-rising rate reached ca. 

360oC/min. In order to utmost simulate the ignition behavior, the heating rate of 40oC/min were 

selected for TG at air atmosphere respectively. TG-MS at inert atmosphere was conducted at 

10oC/min for the qualitative consideration. 

 

Fig.3-10 (a) Temperature profile at the top surface of PS and PS/3Ferrocene prior to ignition and 

(b) temperature-rising rate at the surface of PS and PS/3Ferrocene 

b) Ignition mechanism of PS/Ferrocene composites 

In Fig.3-11 (a), the addition of ferrocene into PS resulted in the earlier initial thermal-oxidation 

degradation before 300oC, which was due to the low sublimation temperature (ca.100oC) of 

ferrocene. The micro-bubbles from the sublimation of ferrocene was also reflected in the CCT 

sample at ignition (Fig.3-11 (b) and (c)). The temperature gradient along the thickness direction 

gave rise to the partial sublimation to air and partial residue in PS melt of ferrocene. In Fig.3-12 

(a), the specie Fe atoms were present in a large amount, which was originated from the 

degradation of ferrocene. In combination of Fig.3-11 (a) and Fig.3-12, ferrocene molecule in the 

composite PS/3Ferrocene moved outward prior to total conversion to Fe atoms. Meanwhile, FeO, 

FeOH, Fe(OH)2 and FeO2 species were generated at the inert atmosphere presumably due to the 

reaction of Fe atoms and the oxygen-containing impurity. It was amazing that the 

thermal-oxidation degradation of ferrocene occurred at roughly 400oC, nevertheless the ignition 
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temperature of PS and PS/3Ferrocene were both lower than 350oC. Actually, the ferrocene 

molecules were degraded into Fe atoms at the air above samples, where the temperature was 

higher 400oC.  

 

Fig.3-11 (a) TG analysis of PS and PS/3Ferrocene at air at 40oC/min; (b) digital image of PS at 

ignition; (c) digital image of PS/3Ferrocene at ignition 

 

Fig.3-12 Evolution of (a) Fe, FeO, FeOH, Fe(OH)2 and FeO2 and (b) FeH and ferrocene 

When TG-MS results were applied in the realistic flaming zone, Fe atoms were generated from 

ferrocene molecules. H· and OH· radicals were obtained via thermal-oxidation degradation from 

PS chain and styrene molecules at the flaming zone. Fe radicals resultantly quenched H· and 

OH· radicals with the inhibition of ignition (Scheme 3-6) [315]. 
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Scheme 3-6 (a) Schematic illustration of pre-ignition of PS/Ferrocene; (b) The radical reaction 

prior to ignition; (c) The proposed reaction route to consume H· and OH· [315] 

3.3.2 PS/SBA@Co3O4 composites 

a) Ignition behavior of PS/SBA@Co3O4 composites 

Ignition time 

The ignition time from HRR curves (Fig.3-13 (a)) and mass profile (Fig.3-13 (b)) demonstrated 

that the ignition time (tig) of PS/2SBA-15 and PS/2SBA-15@Co3O4 were respectively 106±1s and 

116±2s compared to 98±1s of neat PS at 25kW/m2. The incorporation of 2wt% SBA-15 did not 

change the tig value of PS while the modification of SBA-15 with ultrafine Co3O4 remarkably 

delayed tig. Moreover, PS composites with 1wt% SBA-15 (104±1s) and SBA-15@Co3O4 (112±2s) 

presented the identical trend of tig compared with pristine PS. The result illustrated that SBA-15 

and SBA-15@Co3O4 possessed the positive effect on delaying ignition. The hierarchical 

decoration of ultrafine Co3O4 on the interior wall of SBA-15 demonstrated the critical role of 

pores in delaying ignition. 
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Fig.3-13 Ignition time reflected by (a) HRR and (b) mass profile 

Ignition temperature 

Top-surface temperature acted as the bridge to link tig value and the structure of composites 

(dispersion of fillers and intrinsic structure of fillers). In Fig.3-14 (a), the temperature 

measurement was not carried out in terms of PS/2SBA-15 in consideration of the almost identical 

physical property of SBA-15 and SBA-15@Co3O4. The physical property-related process (ρck) of 

PS/2SBA-15 was nearly identical to that of PS/2SBA-15@Co3O4. Addition of 2wt% 

SBA-15@Co3O4 did not notably influence the temperature-rising rate but the plateau temperature 

relative to neat PS (Fig.3-14 (a)). The plateau temperature between 225s and 275s of 

PS/2SBA-15@Co3O4 was approximately 50oC higher than that of PS/2SBA-15, which reflected 

that the melt temperature turned higher with mesoporous material. Notably, the ignition 

temperature (Tig) of PS and PS/2SBA-15@Co3O4 were 262oC and 343oC respectively. Herein, PS 

and PS composites were located between thermally thin and thermally thick with the preference of 

thermally thick attribute. According to Equation (1-10), the increased Tig resulted in the longer tig 

without the notable change of their parameters. Meanwhile, the deeper investigation of causes in 

molecule level for the higher Tig was required. 

 

Fig.3-14 Top-surface temperature of PS and PS/2SBA-15@Co3O4 prior to ignition at 25kW/m2 
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b) Ignition mechanism of PS/SBA@Co3O4 composites 

The ignition mechanism was analyzed from physical and chemical aspects. The physical 

parameters (ρck) of PS/2SBA-15@Co3O4 did not alter notably in comparison to that of PS, which 

indicated the weak influence of the physical parameters on ignition delaying. The exception was 

the increase of the plateau temperature, which nevertheless presented no impact on the 

ignition-delaying behavior. The mechanism investigation of the chemical aspect was concentrated 

on the analysis of volatile concentration and volatile species. The volatiles concentration and 

species were determined by the condensed-phase behavior. Herein, TG, TG-FTIR and TG-MS 

were performed to investigate the volatile profile. Based on the volatile profile, the mesoscopic 

scale behavior was obtained in terms of PLA and SBA-15 derivatives. 

TG analysis 

The higher Tig values were considered to be affected by the gasification effect, volatile 

concentration and oxygen concentration. After eliminating the factors of oxygen concentration and 

gasification effect (weak), the volatile concentration was considered to be the dominant factor. In 

terms of ignition behavior, the degradation of surface polymers belonged to the combination of 

thermal degradation and thermal-oxidation degradation with the preference of thermal-oxidation 

particularly in terms of thermoplastic polymers. Thermoplastic polymers possessed higher flowing 

capacity upward and downward prior to ignition, which was able to inhale more air. Herein, the 

top-surface temperature-rising rate was roughly 360oC/min, which determined that the normal 

temperature-rising rate in TG was much less. The heating rate of 10oC/min was selected as the 

representative value.  

In Fig.3-15 and Table 3-2, the thermal degradation at N2 and air atmosphere was compared. 

The Tig value of PS and PS composites was located less than Tmax, which determined the 

importance of investigation of thermal and thermal-oxidation stability (T5wt% and Tmax). In 

Fig.3-15 (a), the addition of 2wt% SBA-15 and SBA-15@Co3O4 enhanced T5wt% by 11oC and 

28oC correspondingly. In DTG curves (Fig.3-15 (c)), the incorporation of 2wt% SBA-15 into PS 

increased Tmax by 6oC while in terms of PS/2SBA-15@Co3O4, the increase value was around 27oC. 

In parallel in Fig.3-15 (b), the incorporation of 2wt% SBA-15 and SBA-15@Co3O4 increased 

T5wt% from 307oC of neat PS to 318oC and 338oC respectively. In DTG curve (Fig.3-15 (d)), Tmax 
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of PS/2SBA-15@Co3O4 (428oC) was magnificently higher than those of PS (392oC) and 

PS/2SBA-15 (401oC). As the temperature rose from 250oC to 428oC (Fig.3-15 (d)), the 

degradation rate increased more slowly than those of PS and PS/2SBA-15, which indicated that 

SBA-15@Co3O4 was more beneficial than that of SBA-15 in enhancing initial thermal-oxidation 

stability. 

  According to above analysis of thermal (Fig.3-15 (b)) and thermal-oxidation stability (Fig.3-15 

(d)), in order to achieve the volatile concentration for corresponding ignition temperature 

(PS/2SBA-15@Co3O4, 343oC and PS, 262oC), PS/2SBA-15@Co3O4 spent more time than neat PS 

and PS/2SBA-15 to degrade PLA matrix. Resultantly, ignition behavior of PS/2SBA-15@Co3O4 

was notably delayed relative to neat PS and PS/2SBA-15. The analysis process was associated 

with the thermal-oxidation degradation of PLA without consideration of size effect 1) 

thermal-oxidation degradation occurred along the thickness direction 2) temperature varied along 

the thickness direction. Actually, the thermal-oxidation degradation along the thickness direction 

was considered to self-resemble that in TG analysis. 

 

Fig.3-15 (a) and (c) TG and DTG curves at 10oC/min at N2 atmosphere; (b) and (d) TG and DTG 

curves at 10oC/min at air atmosphere of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 
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Table 3-2 Thermal degradation data of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 at 10oC/min 

Samples 
N2 Air 

T5wt% (oC) Tmax(oC) T5wt%(oC) Tmax(oC) 

PS 372 416 307 392 

PS/2SBA-15 383 422 318 401 

PS/2SBA-15@Co3O4 400 443 338 428 

T5wt%: Temperature at the mass loss of 5%    Tmax: Temperature at the maximum degradation rate 

TG-FTIR analysis 

TG-FTIR analysis was employed to analyze the volatile profile, mainly focusing on the amount 

and evolution time of major volatiles. In consideration of the similar case of delayed release of 

volatiles at N2 and air atmosphere, the mechanism for the delayed release was investigated at the 

inert atmosphere at 10oC/min. In 3D profile (Fig.3-16), the absorbance intensity of volatiles of 

PS/2SBA-15@Co3O4 was lower than those of neat PS and PS/2SBA-15. More importantly, the 

main peaks of PS/2SBA-15@Co3O4 emerged at the later time, which indicated the delayed and 

reduced volatile release. The whole absorbance and selected volatile evolution were exhibited in 

Fig.3-17. Clearly, the predominant combustible gaseous components (-CH3 compounds, -CH2- 

compounds, aromatic compounds, double bond compounds) showed significant differences 

between PS, PS/2SBA-15 and PS/2SBA-15@Co3O4. However, the volatile species did not alter 

with addition of SBA-15 and SBA-15@Co3O4. Four combustible components of 

PS/2SBA-15@Co3O4 were released at the notably later time than those of PS and PS/2SBA-15, 

resultantly giving rise to the later time at the maximum release rate. Similarly, PS/2SBA-15 

released volatiles with the later time at maximum degradation rate than that of neat PS. The main 

combustible gaseous components were released at increasing time in the sequence: 

PS/2SBA-15@Co3O4>PS/2SBA-15>PS. Resultantly, PS/2SBA-15@Co3O4 possessed more time 

to reach the critical volatile concentration for ignition compared with neat PS and PS/2SBA-15. 

The result partially supported the tig values sequence: PS/2SBA-15@Co3O4>PS/2SBA-15>PS, 

which indicated the important effect of mesopores and ultrafine Co3O4 nanoparticles decorating 

mesopores. In consideration of longer tig and weak gasification capacity of PS, 

PS/2SBA-15@Co3O4 possessed higher ignition temperature. 
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Fig.3-16 3D graphics of (a) PS, (b) PS/2SBA-15 and (c) PS/2SBA-15@Co3O4 

 

Fig.3-17 Combustible gaseous evolution ((a) whole intensity, (b) -CH3 compounds, (c) -CH2- 

compounds, (d) aromatic compounds and (e) double bond containing compounds) of PS, 

PS/2SBA-15 and PS/2SBA-15@Co3O4 

The investigation of the maximum release rate of combustible gases revealed some interesting 

results as well (Fig.3-17). As for -CH3 compounds, the maximum release rate of PS/2SBA-15 was 

magnificently lower that of PS/2SBA-15@Co3O4 (ca.140% reduction). On the contrary, as for the 

-CH2- compounds, PS/2SBA-15@Co3O4 and PS/2SBA-15 had nearly identical maximum release 

rate. The comparison of PS/2SBA-15 and PS/2SBA-15@Co3O4 evidenced that Co3O4 promoted 

the transformation toward preferential yield of -CH3 compounds rather than -CH2- compounds. 

The probable cause was due to the longer time for the isomerization reaction with the volatiles 
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entering the mesopores and then released outward. In parallel, regarding aromatic and 

double-bond containing compounds, PS/2SBA-15@Co3O4 and PS/2SBA-15 showed nearly 

identical maximum release rate, which was magnificently lower than that of pure PS. The result 

indicated SBA-15 decreased the maximum release rate of aromatic and double-bond containing 

compounds. In parallel, Co3O4 showed no remarkable influence in decreasing the maximum 

release rate, but had a positive effect in prolonging the time to maximum release rate. Co3O4 

favored the slower release of aromatic and double-bond compounds. 

TG-MS analysis 

More detailed investigation of the mesoscopic scale mechanism for delayed tig was carried out via 

TG-MS analysis (Fig.3-18). Results revealed that the main pyrolyzed products of PS composites 

with SBA-15 and SBA-15@Co3O4 remained unchanged relative to neat PS (identical degraded 

fragments). Meanwhile, the peak intensity of degraded fragments (m/z=27, 38, 78, 91, 104 and 

118) changed in a non-monotonic manner, which manifested that the incorporation of SBA-15 and 

SBA-15@Co3O4 re-adjusted the decomposition reaction directions. In order to obtain the specific 

profile of fragment ions, fragment peaks (m/z=104, 78, 40 and 27) were chosen to analyze their 

intensity profile versus time (Fig.3-19). Clearly, the main pyrolyzed products (and fragments) of 

PS/2SBA-15 and PS/2SBA-15@Co3O4 were released into gas phase more slowly than that of PS. 

Moreover, PS/2SBA-15@Co3O4 occupied the slowest release, which was strongly consistent with 

the delayed ignition behavior, accompanied by TG-FTIR result. 

 

Fig.3-18 The main gaseous decomposed fragments of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 
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Fig.3-19 The evolution of main decomposed gaseous fragments with the corresponding structure 

PS/2SBA-15 and PS/2SBA-15@Co3O4 

In order to further investigate the reason why the main pyrolyzed products (and main pyrolyzed 

fragments) showed the slow-release behavior, the deep analysis was carried out. In the previous 

studies [299], it was reported that the volatiles entered the mesopores during pyrolysis. Herein, the 

benzyl fragment (m/z=91) was focused to certify the similar behavior (Fig.3-20). It was noted that 

benzyl fragment was the result of the hemolytic cleavage of benzyl dimer under the high-energy 

ion beam [316] (Scheme 3-7 (a)). Herein, the benzyl fragment ion of PS/2SBA-15@Co3O4 

showed significantly increased ion intensity and slower release than those of PS and PS/2SBA-15. 

Moreover, the benzyl fragment ion intensity from PS/2SBA-15 was slightly higher than that of PS, 

accompanied by the slower release. Therefore, it was evidenced that benzyl dimer entered SBA-15 

mesopores initially and then was released into the vapor phase in the form of benzyl radical 

(so-called labyrinth effect). These released gaseous products subsequently underwent the 

combustion process and/or carbonization process [316]. Conclusively, SBA-15 had slightly strong 

adsorption function of the evolved products. In contrast, the incorporation of Co3O4 into interior 

walls remarkably enhanced the adsorption performance. 
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Fig.3-20 Evolution of the ion fragments (m/z=91 and 118) 

 

Scheme 3-7 (a) Benzyl radicals from the hemolytic cleavage of benzyl dimer and (b) degradation 

route to produce isopropenyl benzene structure (m/z=118) 

In addition to the ion fragment (m/z=91), the ion fragment isopropenyl benzene (m/z=118) also 

followed the similar rule. In detail, the intensity of isopropenyl benzene from 

PS/2SBA-15@Co3O4 was magnificently higher than those of PS and PS/2SBA-15. The 

isopropenyl benzene structure was the result of the tertiary carbon structure, which originated 

from the isomerization of primary carbon structure of PS fragmental chains (Scheme 3-7 (b)). The 

increased production of isopropenyl benzene structure (m/z=118) indicated that the isomerization 

process was more intensive due to the mesopore effect, which was another direct evidence for 

adsorption-desorption-combustion process. Meanwhile, the re-adaption of the decomposition 

reaction also occurred with the preferential yield of more isopropenyl benzene structure, which 

was consistent with TG-FTIR results about -CH3 compounds production. Similarly, the major 

volatiles underwent the same adsorption-desorption-combustion process. The reason why ultrafine 

Co3O4 nanoparticles in the mesopores remarkably increased the adsorption capacity was possibly 

originated from the complexation interaction of Co derivatives and benzene ring structure [317, 

318]. Resultantly, the longer “walking” distance of the pyrolyzed components along the mesopore 

increased the time to reach the critical gaseous concentration for ignition behavior. 
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Ignition mechanism toward delayed ignition 

The ignition mechanism toward delayed ignition was investigated in the physical factors and 

chemical factors. The similar heating rate of top surface indicated the absence of contribution of 

physical factors (ρck). The mechanism investigation was accordingly put on chemical factors (the 

change of volatile species and concentration) and the subsequent intensive radical reaction 

(ignition). The change of chemical factors was stressed on the relationship in the mesoscopic scale 

between nanostructure and ignition behavior (Scheme 3-8).  

Prior to ignition of PS/2SBA-15@Co3O4, PS was thermally decomposed into main styrene 

(Fig.3-18). Most of degraded products entered the mesopores of SBA-15 and were then released 

outward. Ultrafine Co3O4 nanoparticles on the interior wall of SBA-15 favored the adsorption and 

prolonged the desorption process, which resulted in the slow-release behavior of volatiles. The 

possible interaction between Co derivatives and benzene ring structure accounted for the enhanced 

adsorption and prolonged release (Scheme 3-8 (c)). Resultantly, the longer time was spent to 

reach the critical concentrations, which was accompanied by the increase of ignition temperature. 

The main styrene located above the top surface underwent intensive pyrolysis reaction with the 

generation of H· and OH·. The ignition occurred at the interface between air and top surface at the 

critical temperature and concentration of H· and OH· (Scheme 3-8 (b)). 

 

Scheme 3-8 (a) Heating process of PS/SBA-15@Co3O4; (b) radical reaction during ignition; (c) 

adsorption-desorption process of volatiles 
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b) Fire Retardancy of PS/SBA@Co3O4 composites 

Cone calorimeter test (CCT) 

CCT result was shown in Fig.3-21 and Table 3-3. In Fig.3-21 (a), pHRR values of PS/2SBA-15 

and PS/2SBA-15@Co3O4 showed the reduction of 15.0% and 24.1% compared with pristine PS 

correspondingly. Average HRR (AHRR) defined the combustion intensity and fire hazard. Herein, 

AHRR values at 120s of pristine PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 were 407±12 kW/m2, 

261±11 kW/m2 and 164±7 kW/m2, respectively, which illuminated that the incorporation of 

SBA-15 and SBA-15@Co3O4 significantly decreased the combustion intensity and fire hazard of 

PS at the first 120s. Furthermore, Co3O4 incorporation imparted PS/2SBA-15 with lower pHRR 

and AHRR values, which manifested the important effect of Co3O4 nanoparticles. Similarly, 

AHRR values at 180s of three samples demonstrated an identical trend. 

 

Fig.3-21 (a) HRR, (b) THR, (c) TSP and (d) weight curves of PS and PS composites 

Apart from it, the fire growth rate index (FIGRA) was used to assess the fire growth situation, 

which was defined as the pHRR divided by the time at pHRR [319]. Herein, PS, PS/2SBA-15 and 

PS/2SBA-15@Co3O4 possessed FIGRA values of 3.6 kW/(m2·s), 2.4kW/(m2·s) and 2.0kW/(m2·s) 

correspondingly, which indicated that SBA-15@Co3O4 had the best performance in restricting fire 

growth. Actually, THR values of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 did not show 
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significant difference at the late stage. However, at the early stage (before 200s), PS, PS/2SBA-15 

and PS/2SBA-15@Co3O4 possessed the THR values of 42MJ/m2, 18MJ/m2 and 8MJ/m2, which 

revealed the significant distinction with the lowest THR of PS/2SBA-15@Co3O4.  

Table 3-3 CCT data of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 (25kW/m2) 

 tig (s) 
pHHR 

(kW/m2) 

AHRR at 

120s(kW/m2) 

AHRR at 

180s(kW/m2) 

THR 

(MJ/m2

) 

TSP 

(m2) 

FIGRA 

(kW/(m2.s)) 

Residue 

yield (%) 

PS 98±1 623±14 407±12 337±11 89±3 27±1.1 3.6 0.1±0.1 

PS/2SBA-15 106±1 534±15 261±11 318±10 92±2 27±0.5 2.4 8.1±0.1 

PS/2SBA-15@Co3O4 116±2 477±13 164±7 250±8 86±3 23±0.9 2.0 10.2±0.2 

tig: Time to ignition   pHRR: Peak heat release rate   AHRR at 120s and 180s: Average heat release rate over 120s and 180s   

THR: Total heat release   TSP: Total smoke production   FIGRA: Fire growth index 

d) Fire-retardant mechanism of PS/SBA@Co3O4 composites 

The vapor-phase fire-retardant mechanism was absent as the radical-quenching effect and cooling 

effect did not exist. The mechanism investigation was accordingly transferred to condensed-phase 

mechanism. 

Condensed-phase mechanism 

The digital images (Fig.3-22) illustrated that the incorporation of SBA-15 and SBA-15@Co3O4 

yielded slightly higher-quality char than that of PS, which was consistent with the result in mass 

percentage (Fig.3-21 (d)). The slightly higher-quality char enabled to shield the underlying 

polymers from the attack of heat and oxygen, which favored fire retardancy. 

 

Fig.3-22 Residue after CCT of (a) PS, (b) PS/2SBA-15 and (c) PS/2SBA-15@Co3O4 

In parallel, the condensed-phase adsorption-desorption process resulted in the alteration in 

vapor-phase behavior. The concentration reduction of main degraded products was closely 



CHAPTER 3 IGNITION DELAYING VIA FLAME INHIBITION AND VOLATILE 
SLOW-RELEASE 

84 
 

correlated to suppressed fire intensity. TG-MS was employed to analyze the peak intensity of main 

degraded products (fragments). Actually, the peak intensity of main fragments (m/z=104, styrene; 

m/z=78, benzene ring; m/z=27, ethylene fragment) demonstrated the trend of 

PS/2SBA-15@Co3O4<PS/2SBA-15<PS due to the adsorption-desorption-combustion.  

 
Fig.3-23 XRD results of residue from PS/2SBA-15@Co3O4 at (a) small angles and (b) high angles 

 

Scheme 3-9 Proposed mechanism for improved fire retardancy 

The reason why the peak concentration of the main flammable components (fragments) was 

reduced was considered from two aspects. On one side, the longer release time of volatiles 

definitely resulted in the lower values of the maximum concentration. On the other side, the 

catalytic carbonization of the PS under the assistance of Co3O4 nanoparticles contributed to the 

partial reduction. It was noted that there were enormous naked Co3O4 nanoparticles well dispersed 

on the mouths of mesopores, which showed intensive catalytic carbonization effect for PS matrix 

[320, 321]. Even, some carbonization behavior occurred in the mesopores, which was proved by 
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the remarkable enlargement of the pore size after combustion of PS/2SBA-15@Co3O4 (Fig.3-23). 

Finally, the schematic illustration of the integral mechanism was presented in Scheme 3-9. 

e) Tensile strength of PS/SBA@Co3O4 composites 

The tensile behavior was demonstrated in Fig.3-24 and Table 3-4. Overall, PS composites with 

SBA-15 and SBA-15@Co3O4 possessed higher tensile strength and elongation at break than neat 

PS. The increased tensile strength and elongation at break were probably related with the “locking” 

effect between PS molecular chain and mouths of SBA-15@Co3O4 and uniform dispersion of 

fillers. In Fig.3-25 (a) and (c), SBA-15 microparticles were dispersed well in PS matrix without 

aggregation via SEM and EDS. Co3O4 incorporation into SBA-15 did not change the dispersion 

state (Fig.3-25 (b) and (d)). Meanwhile, the tensile strength (25.1±2.1 MPa) and elongation at 

break (1.6±0.2 %) of PS/2SBA-15@Co3O4 were higher than those of PS/2SBA-15 (19.4±1.8 MPa 

and 1.4±0.1 %), which indicated that Co3O4 promoted the “locking” effect. Interestingly, the 

tensile modulus after addition of 2wt% SBA-15 and SBA-15@Co3O4 was higher than that of neat 

PS. The probable reason was also due to the “locking” effect of between PS and mesoporous 

materials. 

In order to further understand the “locking” behaviour, the simplified mode was used in 

Fig.3-24 (b). According to Equation (3-2), after incorporation of SBA-15@Co3O4, stress σ was 

applied on both additives and interfaces between matrix and additives. Considering the probable 

¨locking¨ effect to transfer stress, the tensile strength was supposed to increase. Apart from it, the 

underlying area in the stress-strain curve was used to assess the toughness of composites. Notably, 

the increase of underlying area of PS/2SBA-15@Co3O4 elucidated that the rubbery 

SBA-15@Co3O4 released internal stress and dissipated the energy of PS, resulting in less cracks 

during extension.  

 𝛔 =
𝑭

𝑺
                                

(3-2) 
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Fig.3-24 (a) Tensile behaviour of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 (b) stress analysis of 

PS/2SBA-15@ Co3O4 (F: force; Finterface: the force at the interface; FPS: force applied on PS phase; 

Ffillers: the force at the fillers; S: transverse size) 

Table 3-4 Tensile data of PS, PS/2SBA-15 and PS/2SBA-15@Co3O4 

Samples Tensile Strength (MPa) Tensile Modulus (MPa) Elongation at break (%) 

PS 10.3±0.3 2060±35 0.8±0.1 

 

 

 

 

 

PS/2SBA-15 19.4±1.8 2100±66 1.4±0.1 
PS/2SBA-15@Co3O4 25.1±2.1 2070±38 1.6±0.2 

 

Fig.3-25 SEM image of cryo-fractured surface of (a) PS/2SBA-15 and (b) PS/2SBA-15@Co3O4; 

EDS spectra of selected point from (a) PS/2SBA-15 and (b) PS/2SBA-15@Co3O4 

3.3.3 PLA/HNT@MAH@DOPO composites 

a) Ignition behavior 

Ignition time 
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The tig values of PLA, PLA/5HNT, PLA/5HNT@MAH, PLA/5HNT@MAH@DOPO and 

PLA/5HNT@MAH-DOPO were respectively 60±2s, 60±1s, 63±1s, 75±1s and 60±2s at 35kW/m2 

with PLA/5HNT@MAH@DOPO the most delayed ignition (Fig.3-26 (a)). The addition of 5wt% 

HNT, HNT@MAH and HNT@MAH-DOPO did not change the tig value notably, which was the 

integral result of thermal-oxidation degradation and temperature-rising behavior of top surface. 

The addition of HNT@MAH-DOPO and HNT@MAH@DOPO separately delayed the tig value of 

0s and 15s compared with that of neat PLA. Normally, the incorporation of flame-inhibition agent 

(DOPO) was capable to delay the ignition of polymers. The different addition ways of direct and 

slow-release mode resulted in remarkable tig difference of 15s. In order to unveil the mask, the 

first-level investigation was carried out from the top-surface temperature and thermal-oxidation 

degradation behavior of PLA, PLA/5HNT@MAH-DOPO and PLA/5HNT@MAH@DOPO. It 

was noted that the analysis of the top-surface temperature was accompanied by the analysis of 

physical parameters (ρ, c and k). Thermal-oxidation degradation behavior was correlated with the 

chemical parameters (catalysis etc.). The second-level investigation was conducted from the 

thermal degradation of fillers (HNT@MAH@DOPO and HNT@MAH-DOPO). The third-level 

investigation was to establish the relationship between thermal degradation behavior and 

nanostructure of HNT@MAH@DOPO and HNT@MAH-DOPO.  

 

Fig.3-26 (a) HRR versus time at the ignition and (b) top-surface temperature of PLA and PLA 

composites prior to ignition 

Ignition temperature 

The top-surface temperature of PLA, PLA/5HNT@MAH-DOPO and 

PLA/5HNT@MAH@DOPO were selected and exhibited in Fig.3-26 (b). The derivation of 

top-surface surface indicated that the peak temperature-rising rate was roughly 600oC/min in 
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Fig.3-27 (a). Actually, the available heating rate at TG and DSC was far away from the actual 

value. The heating rate was selected as 10oC/min and 40oC/min to utmost simulate the ignition in 

TG analysis. The heating rate of 10oC/min was employed in DSC for the qualitative consideration. 

In detail, the heating process of PLA and PLA composites (Fig.3-27 (b)) underwent the cold 

crystallization and melt stage at roughly 180oC, which was not notably reflected in Fig.3-26 (b) 

due to the relatively lower crystalline degree (χc) and melt heat of PLA compared to that of PET. 

Furthermore, the heating process proceeded with the surface temperature reaching the ignition 

temperature (331oC), which was located above (close to) the initial thermal-oxidation degradation 

temperature and below the maximum thermal-oxidation degradation temperature (for both 

10oC/min and 40oC/min) (Fig.3-28 and Table 3-5). The analysis of thermal-oxidation degradation 

behavior manifested that the T5wt% and Tmax difference of different samples were approximately 

20oC and 50oC at 10oC/min and 40oC/min correspondingly. Therefore, the heating rate of 

40oC/min was selected to analyze the temperature profile at the top surface.  

The addition of HNT@MAH-DOPO and HNT@MAH@DOPO slightly increased the 

temperature-rising rate (Fig.3-27 (a)) between 250s and 300s due to probably due to the decreased 

thermal inertia (ρck). Between 300s and 320s (Fig.3-26 (b)), the top-surface temperature 

decreased for PLA/5HNT@MAH@DOPO and remained for PLA/5HNT@MAH-DOPO. The 

decreased and remained temperature between 300s and 320s was considered to originate from 

thermal-oxidation stability (Fig.3-28 and Table 3-5). The increased thermal-oxidation stability 

slowed down gasification process, which carried away less heat from the top surface. Meanwhile, 

The flame-inhibition effect to eliminate H· and OH· radicals was considered to be another factor 

PLA/5HNT@MAH@DOPO presented lower top-surface temperature than 

PLA/5HNT@MAH-DOPO between 300s and 320s, which indicated that the flame-inhibition 

effect in PLA/5HNT@MAH@DOPO was stronger than that of PLA/5HNT@MAH-DOPO. 

Notably, PLA and PLA composite samples were inclined to be thermally thick, which 

determined the utilization of Equation (1-10) to predict the alteration of ignition. The physical 

parameter (thermal inertia, ρck) was increased with addition of HNT@MAH@DOPO. In 

consideration of flame inhibition, the critical heat flux (Qcri) was considered to increase from the 

chemical aspects (chemical composition and concentration of volatiles). In combination of the 

physical and chemical aspects, the ignition was delayed accordingly after addition of 
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HNT@MAH@DOPO. In parallel, the addition of HNT@MAH-DOPO did not generate notable 

flame-inhibition effect. 

 

Fig.3-27 (a) Temperature-rising rate at the top surface of PLA and 

PLA/5HNT@HNT@MAH@DOPO and (b) DSC curves at the heating process of PLA and PLA 

composites 

b) Ignition mechanism of PLA/HNT@MAH@DOPO composites 

TG analysis 

Similar to the case in PS, the gasification heat played a weak role in stabilizing the top surface 

according to the temperature-rising trend. The effect of gasification heat to stabilize the surface 

temperature turned stronger at the higher temperature. The Tig value of PLA, 

PLA/5HNT@MAH-DOPO and PLA/5HNT@MAH@DOPO were collectively 331oC, which was 

the integral result of volatile species, volatile concentration and the limited gasification. According 

to previous study [161], the thermoplastic PET and PET/MMT illustrated the almost constant 

ignition temperature of 417oC at 25kW/m2. The underlying mechanism was the intensive 

gasification heat from degraded products of PET, which carried away the extra heat. After 

excluding the factors of limited gasification heat, the volatile species and concentration were 

analyzed. In Fig.3-28 (c) and (d), the mass loss at Tig was nearly the same in terms of PLA, 

PLA/5HNT@MAH-DOPO and PLA/5HNT@MAH@DOPO, which indicated that the volatile 

concentration of these three systems were almost identical. 
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Table 3-5 TG results of PLA and PLA composites at 10oC/min and 40oC/min at air atmosphere 

 
10oC/min 40oC/min 

T5wt%(oC) Tmax(oC) T5wt%(oC) Tmax(oC) 

PLA 316 364 338 390 

PLA/5HNT 306 358 332 382 

PLA/5HNT@MAH 310 358 338 389 

PLA/5HNT@MAH@DOPO 320 363 342 394 

PLA/5HNT@MAH-DOPO 320 363 339 392 

T5wt%: temperature at 5% mass loss   Tmax: temperature at maximum degradation rate 

 

Fig.3-28 (a) TG and (b) DTG curves at 10oC/min at air atmosphere of PLA and PLA composites; 

(c) TG and (d) DTG curves at 40oC/min at air atmosphere of PLA and PLA composites 

In Fig.3-26 (b), PLA/5HNT@MAH@DOPO possessed the long-time retention at ca. 331oC 

between roughly 305oC and 335oC, which increased the volatile concentration remarkably 

compared to PLA and PLA/5HNT@MAH-DOPO. The comparison of volatile concentration at 

identical Tig revealed that the PLA/5HNT@MAH@DOPO was supposed to possess stronger 

flame-inhibition capacity than PLA/5HNT@MAH-DOPO. Therefore, the Tig value was capable to 

stabilize at 331oC in combination of the increased gasification of PLA/5HNT@MAH@DOPO.  

In parallel, PLA/5HNT@MAH-DOPO illustrated slightly stronger flame-inhibition than that of 
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PLA due to the terminal plateau of the temperature. In combination of flame inhibition and 

slightly increased gasification, PLA/5HNT@MAH-DOPO was capable to stabilize at 331oC. It 

was stressed that the flame-inhibition effect determined the delaying of ignition, which further 

influenced the gasification process. Therefore, the flame inhibition was the key factor to incite the 

delayed tig and constant Tig. Apart from it, the slight drop of the top-surface temperature was due 

to the over-saturation of flame-inhibition agents.  

The relationship between slow-release and delayed ignition 

The relationship between slow-release behavior of flame-inhibition agent and higher-efficient 

delaying of ignition (or higher-efficient flame inhibition) was investigated in Fig.3-29.  

 

Fig.3-29 (a) DTG curves of PLA, PLA/5HNT@MAH@DOPO and PLA/5HNT@MAH-DOPO 

and (b) simplified feeding of DOPO and DOPO derivatives 

In Fig.3-29 (a), the peaks of HNT@MAH@DOPO were much wider than those of 

HNT@MAH-DOPO, which indicated that the release of DOPO and DOPO derivatives covered 

wider temperature range. Prior to ignition (331oC), three peaks of HNT@MAH@DOPO located at 

100oC, 194oC and 336oC covered the temperature range of 280oC. In contrast, merely one peak of 

HNT@MAH-DOPO at 285oC possessed the temperature range of 110oC, which was much less 

than that of HNT@MAH@DOPO. The remarkably wider slow-release process generated the 

higher concentration of DOPO and DOPO derivatives, which then were converted into PO· and 

HPO· (Fig.3-8). Two aspects were considered 1) non-confined concentration attenuation of DOPO 

and DOPO derivatives were significantly weakened in the open space due to the sustainable 

slow-release behavior and 2) a relatively smaller amount of DOPO and DOPO derivatives did not 



CHAPTER 3 IGNITION DELAYING VIA FLAME INHIBITION AND VOLATILE 
SLOW-RELEASE 

92 
 

decrease the concentration of flame-inhibition agent relative to PLA/5HNT@MAH-DOPO. 

The mechanism to delay ignition 

The mechanism to delay ignition was associated with slow-release of flame-inhibition agent (PO·) 

and the molecule-level radical quenching effect toward H· and OH·. The specific schematic 

illustration was presented in Scheme 3-10. Scheme 3-10 (a) presented the generation of volatiles 

under the heat flux, which subsequently underwent radical degradation with the formation of 

H· and OH· (Scheme 3-10 (b)). Ignition behavior occurred with the critical concentration of 

H· and OH· and temperature. The incorporation of PO· radicals inhibited the circular reaction of 

H· and OH·, which functioned in delaying ignition (Scheme 3-10 (d)). In contrast, the enhanced 

concentration of PO· radicals from sustainable release behavior in HNT@MAH@DOPO (Scheme 

3-10 (c)) enabled the stronger quenching effect of H· and OH·. Therefore, the ignition behavior 

was delayed. 

 

Scheme 3-10 (a) Schematic illustration of pre-ignition of PLA/HNT@MAH@DOPO; (b) radical 

reaction of degraded products of PLA prior to ignition; (c) slow-release mode of 
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phosphorous-containing components and (d) radical-quenching process of H· and OH·[322] 

c) Fire retardancy of PLA/HNT@MAH@DOPO composites 

Integral fire behavior was studied via LOI, UL-94 (3.2mm), (MCC) and cone calorimeter test 

(CCT, 35kW/m2) at different scales. 

LOI and UL-94 vertical burning test 

LOI and UL-94 result were showed in Fig.3-30 (a) and Table 3-6. PLA exhibited UL-94 vertical 

burning rating V-2 with LOI value 24.7%, accompanied by serious dripping occurrence. PLA 

composites with 3wt%, 5wt% and 7wt% HNT@MAH@DOPO exhibited UL-94 ratings of V-2, 

V-0 and V-0 separately. In principle, 5wt% HNT@MAH@DOPO was selected as the critical 

loading to investigate fire retardancy. 5wt% HNT and HNT@MAH imparted PLA with increased 

LOI values of 28.2% and 28.3% respectively and also with V-2 in UL-94 vertical burning test. 

Comparatively, PLA/5wt% HNT@MAH@DOPO possessed the LOI value of 38.0%, higher than 

those of PLA, PLA/5HNT and PLA/5HNT@MAH by 13.3%, 9.8% and 9.7% respectively. 

Meanwhile, PLA/5HNT@MAH@DOPO passed V-0 with dripping that did not ignite the 

underlying cotton. In contrast, PLA/5HNT@MAH-DOPO with direct addition of HNT@MAH 

and DOPO had LOI value of 30.8% with UL-94 V-0, accompanied by more serious dripping. The 

tremendous LOI enhancement of PLA/5HNT@MAH@DOPO compared to 

PLA/5HNT@MAH-DOPO illuminated that chemical grafting DOPO possessed remarkably better 

performance than the direct addition. Moreover, the less serious dripping behavior of 

PLA/5HNT@MAH@DOPO was probably attributed to the weaker thermal and/or 

thermal-oxidation degradation compared to that of PLA/5HNT@MAH-DOPO (Fig.3-28), giving 

rise to lower melt viscosity. Considering the slow-release behavior of DOPO derivatives in 

HNT@MAH@DOPO, the enhancement of LOI and UL-94 ratings was considered to be closely 

correlated to the sustainable slow-release behavior. 

CCT 

CCT was the measuring method reflecting the realistic fire situation best. The result was 

illustrated in Fig.3-30 and Table 3-6. In Fig.3-30 (b) and (c), the addition of 5wt% HNT and 

HNT@MAH did not change HRR and THR curves of PLA notably. 5wt% HTN@MAH-DOPO 

changed HRR curve of PLA/5HNT@MAH slightly with HRR values after 82s less than that of 
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PLA/5HNT@MAH, which demonstrated the occurrence of vapor phase effect of DOPO. Actually, 

pHRR and THR difference (4.0% and 1.7% reduction respectively) between PLA/5HNT@MAH 

and PLA/5HNT@MAH-DOPO were still very tiny, which illuminated unsatisfactory fire-retardant 

efficiency of DOPO in PLA/5HNT@MAH. 

 

Fig.3-30 (a) LOI and UL-94 results (b) HRR, (c) THR and (d) TSP of PLA and PLA  

Comparatively, 5wt% HNT@MAH@DOPO obviously decreased pHRR and THR values by 17% 

and 12% separately compared to PLA/5HNT@MAH, which illustrated that grafting DOPO gave 

rise to better fire-retardant efficiency with respect to direct physical addition. In addition, 5wt% 

HNT and HNT@MAH did not affect TSP in Fig.3-30 (d), which was due to weak charring 

capacity of PLA (Table 3-6). Comparatively, the addition of 5wt% HNT@MAH@DOPO and 

HNT@MAH-DOPO significantly increased TSP by 65% and 57% respectively, which was due to 

the presence of vapor phase mechanism. Reasonably, the PO· radicals were able to capture 

hydrogen atoms on the main chains of degraded products, resulting in the unsaturated structure 

formation and TSP increase [323]. 
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Table 3-6 CCT, LOI and UL-94 results of PLA and PLA composites 

 tig (s) 
pHHR 

(kW/m2) 

THR 

(MJ/m2) 

TSP 

 (m2) 

Residue 

yield (%) 

LOI 

(%) 

UL-94 test 

t1(s) t2(s) Dripping 

PLA 60±2 397±11 57±3 0.23±0.01 3.9±0.4 24.7 5 0 Yes a 

PLA/5HNT 61±1 368±9 55±2 0.23±0.01 7.6±0.9 28.2 6 0 Yes a 

PLA/5HNT@MAH 63±1 386±12 59±3 0.21±0.01 7.7±0.8 28.3 7 0 Yes a 

PLA/5HNT@MAH@DOPO 75±5 317±6 52±2 0.38±0.03 7.8±0.7 38.0 0 0 Yes 

PLA/5HNT@MAH-DOPO 

DOPO 

60±2 370±8 58±3 0.36±0.03 6.7±0.6 30.8 1 0 Yes 

tig: time to ignition   pHRR: peak heat release rate   THR: total heat release   TSP: total smoke production t1: average time after first 

10s flaming   t2: average time after first 10s flaming   a: cotton ignited by dripping 

d) Fire-retardant mechanism of PLA/HNT@MAH@DOPO composites 

The fire-retardant mechanism was investigated by clarifying 1) fire-retardant mechanism of 

PLA/5HNT@MAH-DOPO compared to pure PLA 2) fire-retardant mechanism of 

PLA/5HNT@MAH@DOPO compared to PLA/5HNT@MAH-DOPO. Generally, fire-retardant 

behavior was analyzed from vapor-phase mechanism and condensed-phase mechanism. 

Vapor-phase mechanism was associated with the radicals-quenching effect and cooling effect of 

moisture. Halogenated radicals (Br· and Cl·), PO· radicals and Fe atoms consumed the H· and 

OH· radicals, which reduced the average efficient heat of combustion (av-EHC). Av-EHC was 

defined as the value of total heat release (THR) divided by total mass loss (TML). In parallel, 

condensed-phase mechanism was involved in the formation of mechanically robust carbonaceous 

layer to shield the heat and oxygen. The insightful mechanism of condensed-phase mechanism 

was detailed from stationary char analysis and dynamic charring reaction. The stationary char 

analysis included 1) appearance of carbonaceous layer (digital images, SEM, TEM and XCT etc.) 

2) degree of ordered char (XRD and Raman spectra etc.) 3) chemical composition (FTIR and solid 

NMR etc.). The dynamic charring reaction covered the in-situ charring reactions (vt-FTIR, 

TG-GC-MS and TG-MS etc.) and the gas-phase results (TG-FTIR). 

Vapor-phase mechanism 

The vapor-phase fire-retardant mechanism presented the similarities to vapor-phase mechanism of 

delayed ignition in thermal degradation of PLA matrix, the thermal-oxidation degradation of 
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degraded products of PLA matrix in air above the samples surface and the radicals-quenching 

effects. The differences were located in that ignition behavior occurred prior to fire behavior. 

Primarily, the PLA macromolecules were pyrolyzed into H2O, CO, CO2, methylketene, 

acetaldehyde (main components) and cyclic oligomer via the non-radical (major reaction to 

generate acetaldehyde) and radical degradation route (major reaction to converse oligomer to CO 

and CO2) (Scheme 3-11) [322]. The major pyrolyzed products (acetaldehyde and oligomer) 

subsequently entered the vapor phase and underwent the high-temperature radical pyrolysis 

(combustion). The H· and OH· radicals acted as the key effect in combustion. 

 
Scheme 3-11 Main non-radical and radical route to thermally decompose PLA 

 

Fig.3-31 Average efficient heat of combustion (av-EHC) versus time 

The nanohybrid HNT@MAH@DOPO in PLA composites was thermally decomposed to 

generate the PO· radicals (Fig.3-8). Compared to that of neat PLA, the volatile species of 

PLA/5HNT@MAH@DOPO changed with generation of PO· radicals [324], which inhibited the 

flame (Scheme 3-10 (d)) and reduced the average efficient combustion heat (av-EHC) (Fig.3-31). 

Notably, PLA/5HNT@MAH-DOPO presented the nearly unchanged av-EHC value relative to 
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PLA, which manifested that the direct of DOPO component played a neglectable effect on 

flame-inhibition effect. The slow-release addition via nanohybrid (HNT@MAH@DOPO) 

possessed the higher flame-inhibition efficiency than that of direct addition 

(HNT@MAH-DOPO). 

Condensed-phase mechanism 

The condensed-phase mechanism was investigated via the digital images of chars and the 

comparative analysis of CCT and MCC data (Fig.3-32). The investigation showed that the 

incorporation of HNT and HNT derivatives yielded the char compared with no char of PLA. The 

char morphology exhibited undetected difference with lighter color in PLA/5HNT@MAH-DOPO 

and PLA/5HNT@MAH@DOPO compared with those of PLA/5HNT and PLA/5HNT@MAH. 

The color change was possibly attributed to the effect of DOPO that participated in the charring 

reaction and/or the impact of flame-inhibition. The comparative study of CCT and MCC data was 

utilized to indirectly reflect the condensed-phase behavior. Herein, the R1 and R2 were separately 

defined as the ratio of pHRR of PLA composites to neat PLA in MCC and CCT [325]. As the 

barrier effect was notable in CCT but not in MCC due to the size effect, R1 exceeded R2 in the 

condensed-phase fire-retardant system. In Fig.3-32 (g), the dots of PLA composites were located 

at the green area, which indicated that the barrier effect was present. 

1 ( )
MCC

MCC

pHRRR
pHRR pure

                          (3.3) 

2 ( )
CCT

CCT

pHRRR
pHRR pure

                           (3.4) 

The condensed-phase mechanism (e.g., charring effect and barrier effect) directly resulted in 

reduction of evolved volatiles, which was investigated by TG-FTIR. The main components of 

volatiles of PLA and its composites included aliphatic compounds (2840cm-1), carbonyl 

compounds (1720cm-1), CO2 (2360cm-1) and CO (2180cm-1) etc. (Fig.3-33 (a)). In order to 

exclusively investigate the evolution of individual volatile, the whole intensity, carbonyl 

compounds, aliphatic compounds and CO were selected. In Fig.3-33 (b) and (c), 5wt% 

HNT@MAH@DOPO did not affect the peak value of whole intensity while increased the time to 

peak intensity, which indicated that HNT@MAH@DOPO delayed the PLA degradation. 

Meanwhile, the integral curve of whole intensity demonstrated that PLA/5HNT@MAH@DOPO 
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possessed lower integral value (1.6 a.u.min) than that (2.0 a.u.min) of PLA, which indicated that 

the volatiles amount were reduced slightly after incorporation of HNT@MAH@DOPO. Aliphatic 

compounds demonstrated the identical trend to whole intensity, which revealed slightly less 

amounts of volatiles to fuel the combustion (Fig.3-33 (d) and (e)). Based on the above assessment, 

the total amount of volatiles and the amount of aliphatic compounds were reduced slightly. 

 

Fig.3-32 Digital images of char from (a) PLA, (b) PLA/5HNT, (c) PLA/5HNT@MAH, (d) 

PLA/5HNT@MAH-DOPO and (e) PLA/5HNT@MAH@DOPO; (f) HRR curves in MCC of PLA 

and PLA composites; (g) R2 versus R1 

 

Fig.3-33 (a) FTIR spectra of PLA and PLA/5HNT@MAH@DOPO; evolution of (b) whole 

intensity and (d) aliphatic compounds; integral values of (c) whole intensity and (e) aliphatic 
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compounds 

Relationship between slow-release and high-efficiency fire retardancy 

Based on the above analysis, the following work was to establish the relationship between the 

slow-release behavior of DOPO derivatives and higher-efficiency fire retardancy. The similar idea 

was to understand the reason why the concentration of DOPO, DOPO derivatives and PO· radicals 

were higher in the slow-release state than the simple addition. Herein, the reasons were given in 

two aspects 1) the mismatch of thermal degradation temperature of PLA matrix and DOPO 

derivations 2) the attenuation of DOPO derivatives in the non-confined space. In Fig.3-34 (a), 

compared to Tmax (390oC) of PLA, HNT@MAH-DOPO possessed Tmax value of 258oC (releasing 

DOPO), which was 132oC difference. In contrast, HNT@MAH@DOPO had Tmax of 100oC, 194oC, 

336oC, 479oC and 593oC, which covered the thermal-degradation range of PLA. In the heating 

process of polymer melt, DOPO evaporated prior to PLA as for HNT@MAH-DOPO but 

constantly evaporated as for HNT@MAH@DOPO (Fig.3-34 (b)). In parallel, according to the 

attenuation analysis in non-confined space, the slow-release behavior generated the longer 

retention time of DOPO and DOPO derivatives compared to the normal and simple addition of 

DOPO. Resultantly, the higher concentration of PO· radicals were obtained, which consumed 

more H· and OH·. 

 

Fig.3-34 (a) DTG curves of PLA, HNT@PDA@DOPO and HNT@MAH-DOPO; (b) schematic 

illustration of combustion in CCT 

To be conclusive, the relationship between the nanostructure of HNT derivative and the ignition 

behavior and fire behavior were established. The different locations of DOPO and DOPO 

derivatives resulted in the different thermal degradation temperatures (slow-release behavior). The 

PLA composites with the nanohybrid possessed the different concentrations of DOPO and DOPO 
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derivatives. In terms of the ignition, the stronger flame-inhibition gave rise to the longer stage of 

invariable temperature and longer ignition time. In terms of fire behavior, the stronger flame 

inhibition reduced the fire intensity. 
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CHAPTER 4 

4 Smoke suppression via vapor and condensed-phase mechanism 
 

“It is during our darkest moments that we must focus to see the lights” 

-Aristotle 

4.1 Introduction 

Smoke production was accompanied by the combustion of most polymers, which posed great 

threats to fatality and environment. In order to investigate and understand smoke-suppression 

behavior, the vapor and condensed-phase mechanism were put forward. However, what happened 

in the vapor phase and condensed phase during smoke production was still unclear. Due to the 

requirement that the methodology of nano-technique was employed in the thesis, the pursuit of 

effective or highly efficient nanofillers for smoke suppression was on the road. Meanwhile, fire 

retardancy in terms of heat release was in the consideration. Notably, the fire retardancy and 

smoke suppression demonstrated the similar tendency in terms of condensed-phase mechanism. 

Based on the aforementioned three aims (i.e., smoke suppression, fire retardancy and nanofillers), 

the systematic experiments were designed, including 1) ferrocene filled PS with the aim to 

understanding the vapor-phase smoke-suppression mechanism 2) ferrocene-included β-CD 

intercalated LDH to show the combination of condensed-phase and vapor-phase mechanism in EP 

matrix 3) ultrafine Ni(OH)2 engineering LDH nanosheets to investigate condensed-phase 

mechanism in EP matrix. It was noted that ferrocene filled PS did not belong to nano-technique, 

which was intended to exclusively study the vapor-phase smoke-suppression mechanism. 

  The organometallic ferrocene molecules were evidenced to be effective in smoke suppression of 

PVC and ABS [8, 261, 326]. In terms of ABS, the vapor-phase mechanism worked. In terms of 

PVC, the condensed-phase mechanism played the role. As for the vapor-phase mechanism, what 

we knew was that the iron derivatives entered the vapor phase. The mechanistic study was carried 

out in this chapter. In parallel, layered double hydroxide (LDH) was one kind of anion nanoclay 

with the positively charged nanosheets composed of metal hydroxide and negatively charged 

anions located in the gallery. LDH possessed the structural formula [M2+1-xM3+x(OH-)2]x+
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-An-x/n·yH2O, where M2+ and M3+ signified the divalent and trivalent metal cations 

correspondingly. An- was the intercalated anion for neutrally charged environment with the valence 

–n. x represented the stoichiometric coefficient of M3+ and y the content of the crystallized water 

[327, 328]. As one of the most important nanoclays, LDHs obtained the great applications in water 

treatment [298], medicine delivery [329, 330] and fire retardancy [331]. In order to improve 

smoke suppression of LDH-based polymer composites, the organic intercalation modification and 

surface decoration of LDH nanosheets were employed based on the formation of higher-quality 

char structure during combustion. The combination of the vapor-phase mechanism from ferrocene 

and the condensed-phase mechanism from LDH-based polymer composites was considered to 

favor smoke suppression. Meanwhile, ferrocene tended to evaporate at ca. 100oC, which was 

actually not suitable for the processing temperature. The low evaporation temperature was solved 

if the ferrocene molecules were incorporated into the gallery of LDH. Following the idea, the 

hydrophobic interaction of internal cavity of β-cyclodextrin (β-CD) and ferrocene was employed. 

The ferrocene molecules were included into the β-CD intercalated LDH to prepare bio-based 

nanohybrid LDH-CD@Ferr. EP composites with LDH-CD@Ferr suppressed smoke production in 

the condensed phase and vapor phase. In addition to the intercalation modification, the surface 

engineering of LDH nanosheets with nanocatalyst (e.g., transition metal oxide and transition metal 

hydroxide) offered a viable approach to enhancing the charring behavior for smoke suppression. 

Herein, the electrostatic induced assembly of ultrafine nickel hydroxide (Ni(OH)2) on 

dodecylbenzenesulfonate intercalated LDH (LDH-DBS) was performed to prepare the hierarchical 

nanohybrid LDH-DBS@Ni(OH)2. EP nanocomposites with LDH-DBS@Ni(OH)2 revealed the 

smoke suppression via the condensed-phase mechanism. 

  The following investigation of smoke-suppression mechanism was presented via the 

condensed-phase and vapor-phase analysis. Herein, the vapor-phase smoke suppression after the 

incorporation of ferrocene into polymers was associated with the intensive thermal-oxidation 

behavior of the soot (i.e., intermediate of smoke) due to the iron derivatives. The mechanistic 

investigation of the intensive thermal-oxidation degradation was proposed. The condensed-phase 

smoke suppression was involved in the formation of protective carbonaceous layers, which 

inhibited the release of smoke precursors (polyaromatic compounds). The mechanistic study of 

condensed-phase process was performed. 
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4.2 Preparation and characterization of targeted nanohybrid 

4.2.1 Preparation of LDH-CD@Ferr 

Synthesis of sulfonate β-cyclodextrin (s-CD) [112, 332] 

In a 100mL single-neck flask, 9.1g β-CD, 6g NaOH and 30mL H2O were charged with the 

vigorous stirring. After β-CD was completely dissolved, 1,4-butane sultone (10.9g) was added 

dropwise at 60oC within 2h. The additional 4h was required for the adequate reaction prior to 

cooling down to ambient temperature. The pH value of the resultant solution was adjusted to 7 

with HCl solution. The dialysis tube with MWCO of 1000 was employed to purify the product. 

Finally, the white solid product s-CD was obtained after rotary evaporation and overnight drying. 

Preparation of s-CD intercalated LDH (LDH-CD) 

The synthesis of LDH-CD was carried out using the precipitation method. 0.1M s-CD in 300mL 

H2O was charged into the 1L three-neck flask facilitated with vigorous magnetic stirring and pH 

meter. After the complete dissolution of s-CD at 50oC, the aqueous solution of 0.2M 

Mg(NO3)2·6H2O and 0.1M Al(NO)3·9H2O in 300mL H2O was dropped into the system, 

accompanied by the drop-wise addition of 1M NaOH aqueous solution. The pH value was 

controlled at 10±0.2 via adjust of the drop of NaOH solution and metal ion solution. After the drop 

of metal solution finished, the stirring proceeded for another 30min prior to aging treatment at 

60oC for 24h. The slurry products was obtained after filtration and washing several times with 

80oC water and acetone. The air dry at 80oC was applied to acquire the dry product labelled as 

LDH-CD. The schematic illustration was demonstrated in Scheme 4-1. 

Preparation of ferrocene included LDH-CD (LDH-CD@Ferr) 

Ferrocene molecules were inserted into the hydrophobic internal cavity of s-CD via adsorption. 

80mL mixed solution of methanol and water at weight ratio of 3:2 was charged into 100mL 

round-bottom flask prior to addition of 4 mM ferrocene with vigorous stirring. Subsequently, 5g 

dry LDH-CD was dispersed into the suspension with ultrasonication and vigorous stirring, after 

which the adsorption process persisted for additional 24h to guarantee the adequate adsorption. 

Afterwards, the suspension underwent filtration and washing with ethyl ether for several times. 

The dry red product (LDH-CD@Ferr) was acquired after overnight drying. The schematic 

illustration was in Scheme 4-1. 
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Scheme 4-1 Schematic illustration of precipitation and host-guest interaction 

4.2.2 Characterization of LDH-CD@Ferr 

1H-NMR spectra 

1H-NMR spectra in Fig.4-1 (a) was employed to confirm the sulfonating reaction of 

β-cyclodextrin (β-CD) [332]. The location at 4.8ppm was attributed to the proton (marked a) in the 

fundamental element (α-D-glucopyranose) of β-cyclodextrin. The multi-peaks at 1.6ppm were 

assigned to the protons marked in b and c, which indicated that the BS molecules were linked to 

α-D-glucopyranose successfully. Furthermore, the integral area ratio of b+c to a was 3.4, which 

demonstrated that roughly 6 BS molecules were grafted in one β-cyclodextrin.  

 

Fig.4-1 (a) 1H-NMR spectra of sulfonate β-cyclodextrin (β-CD) and (b) XRD patterns of LDH-CD, 

LDH-CD@Ferr and Ferr 
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XRD spectra 

XRD patterns of ferrocene (Ferr), LDH-CD and LDH-CD@Ferr were revealed in Fig.4-1 (b). 

Notably, LDH-CD had the reflections at 4.3o and 8.7o, which were attributed to crystal face (003) 

and (006) of lamellar structure respectively [332]. After the inclusion of Ferr into the internal 

cavity of sulfonated β-CD intercalated LDH, the crystalline structure was absent, which presented 

that the Ferr lost its crystallization capacity due to the confined space. Interestingly, the crystal 

faces (003) and (006) shifted to the lower 2 theta degree with 3.0o and 8.4o, which were notably 

lower than those of LDH-CD. According to Bragg’s Equation, the (003) crystalline spacing 

(2.89nm) of LDH-CD@Ferr was 0.86nm higher than that (2.03nm) of LDH-CD, which indicated 

that the hydrophobic part became larger due to the incorporation of Ferr. 

XPS spectra 

XPS spectra (Fig.4-2) offered the information about the interaction of sulfonated β-CD and Ferr. 

Fig.4-2 (a) revealed that LDH-CD@Ferr contained the extra Fe element in addition to Mg, Al, S, 

C and O element of LDH-CD. The comparison in the inset image of Fig.4-2 (a) revealed that the 

overall C1s location of LDH-CD was slightly higher than that of LDH-CD@Ferr, which 

demonstrated that the incorporation of ferrocene molecules with low binding-energy of C1s. In 

terms of the C1s spectra (Fig.4-2 (b)), LDH-CD possessed the fitted peaks at 284.7eV (C-C), 

286.3 eV (C-O) and 288.0eV (O-C-O), which was in agreement with the structure of sulfonated 

α-D-glucopyranose [333]. In comparison, the extra peak at 284.3 eV (C-C, π conjugation) 

emerged in terms of LDH-CD@Ferr (Fig.4-2 (c)), which was assigned to C1s (284.7eV) of 

ferrocene [334]. The decrease of C1s binding energy of LDH-CD@Ferr compared to neat 

ferrocene was due to the interaction of sulfonated β-CD and Ferr. In addition, the C1s (C-C, 

284.9eV) of LDH-CD@Ferr was increased relative to LDH-CD, which indicated the weakening of 

electron cloud around C atoms in C-C bond. In contrast, the locations in C-O and O-C-O remained 

invariable, which indicated that the electron cloud of sulfonated β-CD was not affected. Notably 

from above assessment, the non-covalent hydrophobic interaction predominantly existed between 

ferrocene and C-C bond. In parallel, the Fe 2p spectra of LDH-CD@Ferr (Fig.4-2 (d)) disclosed 

the partial shift of Fe2p3/2 and Fe2p1/2 toward lower binding energy, which indicated the 

strengthening of the electron cloud around Fe atoms [334]. Hence, it was concluded that the 
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interaction of ferrocene and sulfonated β-CD existed with the electron transfer from C-C of β-CD 

to ferrocene. In addition, the atomic ratio of S and Fe was 5.8, which indicated that one ferrocene 

molecule was inserted into the cyclodextrin cavity. 

 

Fig.4-2 (a) Full spectra of LDH-CD and LDH-CD@Ferr; C1s spectra of (b) LDH-CD and (c) 

LDH-CD@Ferr; (d) Fe2p spectra of LDH-CD@Ferr 

TEM observation 

TEM observation of LDH-CD and LDH-CD@Ferr were revealed in Fig.4-3. In Fig.4-3 (a) and (b), 

LDH-CD possessed the lamellar structure with folded and curled morphology, which indicated 

that the layered double hydroxide was successfully synthesized. The folded and curled 

morphology was originated from the confined crystallization process due to limited space. In 

combination of XRD result, the sulfonated β-cyclodextrin was intercalated into the LDH gallery. 

In parallel, the observation of LDH-CD@Ferr (Fig.4-3 (c) and (d)) revealed that the lamellar 

structure from the LDH boundary was maintained without notable alteration in the lateral size. 

Fig.4-3 (e) presented the distribution of S and Fe along LDH sheets, which revealed that the 

respective s-CD and Ferrocene were located in the LDH gallery. In combination of XRD and XPS 

result, the ferrocene molecules were included into the hydrophobic cavity of sulfonated 

cyclodextrin (s-CD) located in LDH gallery. The EDS spectra and atomic percentage in the inset 
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table disclosed that the atomic ratio of S and Fe was 5.5. In combination of 1H-NMR result, 

approximately one ferrocene molecule was inserted into one s-CD, which was in good agreement 

with XPS result and the previous publication [112]. 

 

Fig.4-3 TEM images of (a), (b) LDH-CD and (c), (d) LDH-CD@Ferr at different magnifications; 

(f) EDS spectra with atomic percentage of LDH-CD@Ferr; (e) High-angle angular dark field 

(HAADF) with Mg, S and Fe mapping of LDH-CD@Ferr 

TG analysis 

The significant barrier during the utilization of ferrocene was low sublimation temperature, which 

determined the design of the proper ferrocene-based molecular structure. In Fig.4-4 (a), compared 

to LDH-CD with the char yield of 48.7wt% at 600oC, LDH-CD@Ferr after complete purification 

possessed the char yield of 46.0% at 600oC, which indicated that the percentage of ferrocene was 

roughly 5.6% according to the numerical calculation at 600oC. The calculation was based on the 

assumption that the ferrocene component in LDH-CD@Ferr was totally evaporated. In parallel, 

Fig.4-4 (a) and (b) revealed the significant mass loss at 117oC LDH-CD@Ferr before purification, 

which was attributed to the free ferrocene. After complete purification, the peak of free ferrocene 

was not detected, which demonstrated the complete removal of free ferrocene. In Fig.4-4 (b), 

LDH-CD@Ferr exhibited a higher weight loss rate at 300oC after purification relative to that 

LDH-CD with nearly identical mass loss rate at ca. 400oC. The higher weight loss rate was 

originated from the included ferrocene component in LDH-CD. The TG result evidenced that 
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ferrocene component was released at a significantly increased evaporation temperature of ca. 

300oC. 

 

Fig.4-4 (a) TG and (b) DTG curves of LDH-CD, LDH-CD@Ferr before and after purification 

4.2.3 Preparation of LDH-DBS@Ni(OH)2 

Co-precipitation of LDH-DBS 

In one 1000 mL three-necked flask equipped with one pH meter, two drop funnels and one 

magnetic agitator, 10.45 g (0.1M) SDBS was dissolved into 300 mL deionized water to form 

homogenous aqueous solution at 50 oC. Concurrently, 15.38 g (0.2M) Mg(NO3)2·6H2O  and 

11.25 g (0.1M) Al(NO3)3·9H2O were dissolved into 300 mL deionized water completely. 300mL 

NaOH solution (1M) was also prepared. The resultant MgAl and NaOH solution were respectively 

charged into two drop funnels. The co-precipitation occurred when MgAl and NaOH solution 

were dropped to SDBS solution. pH value was strictly maintained at 10±0.2 via adjustment of 

drop rate of NaOH solution. After completion of MgAl solution, the reaction was kept for further 

30 min, followed by the aging for 18 h at 75 oC. Then the slurry underwent the filtration and 

washing with 80 oC water. The final product (LDH-DBS) was acquired after drying overnight. The 

process was illustrated in Scheme 4-2. Basically, the DBS intercalated LDH were co-precipitated 

in the electrostatic mode based on the interplay between negatively-charged DBS and 

positively-charged nanosheets (Scheme 4-2 (b)). 

Surface-assembly of ultrafine Ni(OH)2 nanoparticles on LDH nanosheets 

14.5 g dry LDH-DBS was well dispersed in 700mL water with ultrasonication and then poured 

into 1000 mL single-necked flask with vigorous stirring. 12.5 g Ni(NO3)2·6H2O, 3.7 g 

C6H5Na3O7·2H2O and 12.0 g urea were charged afterwards. The reaction proceeded at 100 oC with 

persistent time of 7 h. The product (LDH-DBS@Ni(OH)2) was collected after sequential filtration, 
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washing and drying overnight. The self-assembly procedure was illustrated in Scheme 4-2. In 

terms of the mechanism, after incorporation of Ni2+ and citrate ions, the coordination interaction 

of citrate and Ni2+ was formed with the electricity charged negatively. The oppositely charged 

electricity drove the gradient motion of coordination structure to adhere to positively charged 

LDH nanosheets (Scheme 4-2 (c)). Subsequently, the OH- groups from urea hydrolysis captured 

Ni2+ from citrate-Ni2+ coordination structure due to higher combination capacity, which gave rise 

to in-situ formation of Ni(OH)2 nanocrystal (Scheme 4-2 (d)). The released citrate ions then 

participated in repetitive process of association-dissociation process, which was accompanied by 

the continuous nucleation of crystallization of Ni(OH)2. The controllable incorporation of Ni2+ and 

OH- was considered to favor the formation of Ni(OH)2 toward more uniform and fine scale. 

 

Scheme 4-2 Schematic illustration of LDH-DBS and LDH-DBS@Ni(OH)2 

4.2.4 Characterization of LDH-DBS@Ni(OH)2 

XRD and XPS analysis 

XRD and XPS results were exhibited in Fig.4-5. Compared to LDH-DBS (Fig.4-5 (a)), XRD 

pattern of LDH-DBS@Ni(OH)2 at small angle (1o-10o) evidenced that the lamellar structure (2.98 

nm in basal spacing) remained invariable during Ni(OH)2 crystallization. In parallel, extra peaks at 

19.1o, 37.3o and 63.8o emerged at high angle (10o-70o), which were respectively attributed to (001), 
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(011) and (111) of hexagonally structural β-Ni(OH)2 (JCPDS card No.14-0117) [335]. XPS full 

spectra (Fig.4-6 (c)) in combination of Ni 2p (Fig.4-6 (d)) demonstrated that the binding energy at 

857.1 eV and 874.8 eV (Ni 2p3/2 and Ni 2p1/2 respectively) with separation of 17.7eV was 

characteristic of Ni(OH)2 phase, accompanied by the emergence of peaks (Mg 2s, Al 2p, S 2p, C1s 

and O1s etc.) from LDH-DBS [336, 337]. 

 

Fig.4-5 XRD patterns of LDH-DBS and LDH-DBS@Ni(OH)2 at (a) 1o-10o and (b) 10o-70o; (c) 

full XPS spectra of LDH-DBS@Ni(OH)2 and (d) Ni2p spectra of LDH-DBS@Ni(OH)2 

SEM and TEM analysis 

TEM observation revealed that the lamellar structure of LDH-DBS@Ni(OH)2 (Fig.4-6 (b)) 

remained unchanged in comparison to LDH-DBS (Fig.4-6 (a)). High-magnification image 

(Fig.4-6 (c)) illustrated well-dispersed heterogeneous particles of about 2-4 nm (ultrafine scale) on 

LDH nanosheet relative to that of LDH-DBS (Fig.4-6 (d)). Furthermore, EDS analysis with 

mapping (Fig.4-6 (e), (f), (g), (h) and (i)) evidenced that heterogeneous particles contained Ni 

element which was uniformly dispersed on LDH sheet (Mg, Al, and S mapping) with Ni atomic 

percentage of roughly 5.2% (Fig.4-6 (i)). SEM observation (Fig.4-7 (a) and (b)) manifested that 

LDH-DBS@Ni(OH)2 possessed similar surface morphology to LDH-DBS with the LDH lamellas 

stacked into the aggregates, which elucidated that the incorporation of ultrafine Ni(OH)2 did not 
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influence the surface morphology. 

 

Fig.4-6 TEM images of (a) (d) LDH-DBS and (b) (c) LDH-DBS@Ni(OH)2 at different 

magnifications; (e), (f), (g) and (h) Mg, Al, S, and Ni mapping of LDH-DBS@Ni(OH)2; (i) EDS 

spectra of LDH-DBS@Ni(OH)2 

 

Fig.4-7 FIB-SEM images of (a) LDH-DBS and (b) LDH-DBS@Ni(OH)2 

N2 sorption and TG analysis 

The N2 sorption and TG analysis (Fig.4-8) offered information about porosity and thermal 

degradation of LDH-DBS and LDH-DBS@Ni(OH)2. N2 sorption isothermal curves (Fig.4-8 (a)) 

showed that LDH-DBS@Ni(OH)2 possessed notably higher specific surface area (55.2 m2/g) and 

pore volume (0.285 mL/g) than those (11.6 m2/g and 0.047mL/g) of LDH-DBS with preferential 

generation of mesopore reflected by relative pressure of 0.98, which certified the hierarchical 
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structure induced by ultrafine Ni(OH)2. In parallel, the char yield (Fig.4-8 (b)) at 700oC of 

LDH-DBS@Ni(OH)2 revealed approximately 5.2wt% increase relative to that of LDH-DBS with 

no notable change in DTG curve (Fig.4-8 (b)). In combination of various results, the successful 

self-assembly of LDH-DBS@Ni(OH)2 was performed. 

 

Fig.4-8 (a) Isothermal curves of LDH-DBS and LDH-DBS@Ni(OH)2 in N2 sorption; (b) TG 

curves of LDH-DBS and LDH-DBS@Ni(OH)2 

4.2.5 Preparation and characterization of composites 

Preparation of PS/Ferrocene composites 

The fractions of 1wt% and 3wt% ferrocene were blended with PS to prepare PS/1Ferrocene and 

PS/3Ferrocene, respectively using the micro-compounder at the temperature of 220 oC collectively 

for 2min. The reference sample pristine PS was also fabricated with the identical procedure. 

Afterwards, the obtained strips were made to sheets for CCT and smoke production. 

Characterization of PS/Ferrocene composites-DSC and TG 

DSC measurement was used to investigate the glass transition behavior of PS composites and the 

plasticizing effect of ferrocene. As was shown in Fig.4-9 (a), the incorporation of ferrocene 

noticeably decreased the glass transition temperature (Tg) of PS, which indicated that the 

small-molecule metal inorganic compound promoted the PS segment motion and exhibited the 

plasticizing effect. More addition of ferrocene yielded the more notable plasticizing effect. TGA 

and DTG results were shown in Fig.4-9 (b). Apparently, the addition of 3wt% ferrocene into PS 

matrix slightly decreased the initial thermal degradation temperature (14 oC) but did not change 

the temperature at the peak degradation rate. Meanwhile, the peak degradation rate of PS and 

PS/3Ferrocene showed identical value (9.8 %/oC). Considering that ferrocene was easy to undergo 
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sublimation at the temperature above 100 oC and start to thermally decompose until 400 oC, it was 

conceivable that the addition of ferrocene did not change the degradation behavior of PS in 

condensed phase. Moreover, the initial thermal degradation of PS/3Ferrocene was attributed to the 

partial sublimation of ferrocene. 

 

Fig.4-9 (a) DSC curves of PS, PS/1Ferrocene and PS/3Ferrocene and (b) TG and DTG curves of 

PS and PS/3Ferrocene 

Preparation of LDH-CD@Ferr-based composites 

In the typical procedure, 6wt% LDH-CD and LDH-CD@Ferr were respectively added to EP 

monomer prior to the preliminary mixing under vigorous stirring at 50oC. Afterwards, the 

suspension underwent the further dispersion in triple-milling machine due to the intensive shear 

and extensional field. The homogenized suspension was mixed with the curing agent DDS at the 

stoichiometric rate at 125oC. After the complete dissolution of DDS in EP monomer, the degas 

treatment was applied in the vacuum oven at 115oC. The degassed suspension was subsequently 

casted on the silicon mold for the curing program (160oC, 1h; 180oC, 2h and 200oC, 1h). The 

obtained products were labelled as EP/6LDH-CD and EP/6LDH-CD@Ferr respectively. Neat EP 

was fabricated in the identical procedure. The schematic illustration was demonstrated in Scheme 

4-3.  

Preparation of LDH-DBS@Ni(OH)2-based nanocomposites 

The preparation of LDH-DBS@Ni(OH)2-based nanocomposites followed the identical procedure 

to that of LDH-CD@Ferr-based composites. The 3wt% weight fraction of LDH-NO3, LDH-DBS 

and LDH-DBS@Ni(OH)2 were incorporated EP nanocomposites with the label as EP/3LDH-NO3, 

EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 respectively. Neat EP was prepared according to 

the identical procedure. 
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Scheme 4-3 Schematic illustration of preparation process of EP composites 

4.3 Property and mechanism of composites 

4.3.1 PS/Ferrocene composites 

a) Smoke-suppression behavior of PS/Ferrocene composites 

Smoke-suppression behavior of PS composites was investigated by CCT test (Fig.4-10 and Table 

4-1). Notably, the addition of ferrocene into pure PS matrix increased pHRR and THR values, 

accompanied by the increase percentage of 30% and 25.6% respectively in terms of 

PS/3Ferrocene. The result illuminated that the addition of ferrocene into PS increased the 

combustion intensity of PS. In parallel, ferrocene endowed PS with remarkably reduced smoke 

production profile, with the most significant decrease of 55.2% and 56.9% of PS/3Ferrocene in 

terms of peak SPR and TSP respectively, which demonstrated that ferrocene incorporation favored 

smoke suppression behavior of PS significantly. 

In order to further investigate the relationship between the smoke suppression and combustion 

behavior, the mass profile and its differentiation result were also investigated. As was showed in 

Fig.4-10 (e) and (f), the real-time weight of PS, PS/1Ferrocene and PS/3Ferrocene remained 

nearly identical during combustion. Moreover, the derivatives of weight also demonstrated almost 

identical values to that of neat PS, which disclosed that the weight loss from pristine PS (solid and 

liquid) to gaseous PS fragments and smoke production was not influenced by ferrocene 
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incorporation. Integral understanding of the combustion and smoke production process illustrated 

that the decreased smoke production contributed to the improved combustion behaviors with the 

incorporation of ferrocene. 

 

Fig.4-10 (a) HRR, (b) THR, (c) SPR, (d) TSP, (e) derivation of weight and (f) weight profiles of 

PS, PS/1Ferrocene and PS/3Ferrocene 

Table 4-1 CCT data of PS and PS composites 

 tig 

(s) 

pHRR 

(kW/m2) 

THR 

(MJ/m2) 

Peak SPR 

(m2/m2) 

TSP 

(m2) 

Residue 

(%) 

PS 100±2 577±17 90±3 0.145±0.03 24.6±0.8 4.0±0.1 

PS/1Ferrocene 103±3 673±19 103±2 0.084±0.02 14.1±0.4 5.4±0.3 

PS/3Ferrocene 112±1 746±24 113±3 0.065±0.01 10.6±0.3 5.4±0.2 

tig: Time to ignition   THR: Total heat release   pHRR: peak heat release 

Peak SPR: Peak smoke production rate   TSP: Total smoke production 

b) Smoke-suppression mechanism of PS/Ferrocene composites 

Primarily, the condensed-phase behavior and mechanism was investigated. PS was a typical 

non-charring polymer [164, 338, 339]. Even after addition of ferrocene, PS/Ferrocene composites 

still showed the non-charring behavior from the weight profiles and digital images after CCT 

(Fig.4-11 (a) and (b)). Even though a limited amount of iron derivatives were preserved in the char 

of PS/3Ferrocene due to the thermal decomposition of ferrocene in the condensed phase, the char 

quantity and quality exhibited no notable enhancement relative to that of neat PS. The slight 
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condensed-phase smoke-suppression mechanism was indirectly reflected in TG-FTIR. Therefore, 

the smoke production behavior was predominantly focused in the vapor phase. Imaginarily, in 

term of PS/3Ferrocene, PS underwent melting and thermal-oxidative process into the main 

component of styrene under the irradiation of cone heater. Simultaneously, ferrocene was 

sublimed above 100oC and then decomposed into iron derivatives in the flaming zone above 

400oC. Generally, the precursors to generate smoke were involved in benzene or benzene 

derivatives (polycyclic aromatic hydrogen, PAH), which were confirmed by the previous report 

[261]. Subsequently, the smoke precursors underwent the nucleation and growth into the smoke 

intermediates. Hence, the decreased smoke release and increased fire intensity manifested the 

smoke precursors or smoke intermediates (after nucleation and preliminary growth) were 

combusted after incorporation of ferrocene. Additionally, the effect of ferrocene on the combustion 

was also shown in the oxidation of CO to CO2 (Fig.4-12 (a) and (b)). In a similar way, ferrocene 

assisted in the oxidation process of benzene derivatives (PAH) and smoke intermediates during 

combustion. Actually, the result was consistent with the reported by Yong Ho Kim [340].  

 

Fig.4-11 Digital images after CCT of (a) PS and (b) PS/3Ferrocene 

 
Fig.4-12 (a) COP and (b) CO2P of PS, PS/1Ferrocne and PS/3Ferrocene 

In order to clarify the detailed smoke-suppression mechanism, the effect of ferrocene on the 
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production behavior of smoke precursors (condensed-phase charring and char protection) and the 

thermal-oxidation stability of initially formed smoke intermediates (vapor-phase mechanism) were 

specially considered. The vapor-phase mechanism was presented via thermal-oxidation study of 

smoke intermediates over the temperature range of combustion. The thermal-oxidation mechanism 

at the molecular level was proposed. In parallel, the condensed-phase mechanism ran via catalytic 

charring and char protection, which enabled the reflection of smoke precursors in TG-FTIR. 

Herein, in consideration of the weak condensed-phase behavior, the investigation of charring 

mechanism at the molecular level was neglected. 

Investigation of the initially formed smoke intermediates (soot) 

Inspired by the catalytic oxidative degradation of iron-containing carbon particles [340], we 

conceived that the initially formed smoke intermediates underwent the intensive catalytic 

oxidation and thus were conversed into the small molecules (H2O and CO2) and heat. Aiming to 

certify the proposed process, the thermal-oxidation degradation of virgin PS was investigated 

(Fig.4-13). PS underwent the intensive thermal-oxidation to generate dense smoke around 400 oC 

due to the high thermal-oxidation rate. Meanwhile, in terms of PS/3Ferrocene composite, 

ferrocene started to sublime at about 100 oC and degrade at 400 oC [341], thus presumably 

resulting in enormous participation of ferrocene or its iron species in the formation of smoke 

intermediates. Subsequently, the smoke process was investigated by TEM with EDS technique. 

 

Fig.4-13 Thermal-oxidation degradation of virgin PS 

In Fig.4-14, PS smoke was composed of enormous aggregations of large numbers of carbon 

nanoparticles with the size of about 40nm. Intriguingly, two and more carbon nanoparticles 
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usually shared the identical parts, which indicated that the homogeneous nucleating and growth of 

smoke was restricted by the limited space. In parallel, PS/3Ferrocene yielded totally different 

carbon nanoparticles morphology from virgin PS. In the center of carbon nanoparticles, enormous 

black spots emerged, which was evidenced as the γ-Fe2O3 nanoparticles via EDS spectra, Fe 

mapping and HRTEM (Fig.4-15).  

 

Fig.4-14 TEM images of different magnifications of the smoke from pure PS (a, c and e) and 

PS/3Ferrocene (b, d and f) 

 

Fig.4-15 Selected area electron diffraction (SAED) patterns of smoke from (a) PS and (b) 
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PS/3Ferrocene; (c, d and f) High angle angular dark field (HAADF), Fe mapping and EDS 

spectrum of PS/3Ferrocene; (e) High Resolution TEM (HRTEM) of smoke intermediates of 

PS/3Ferrocene 

Meanwhile, the selected area electron diffraction (SAED) patterns comparison disclosed that 

smoke of PS/3Ferrocene possessed extra diffraction dots that came from different crystal faces of 

γ-Fe2O3 phase. Interestingly, from the high-magnification TEM images of PS/3Ferrocene smoke 

intermediates, the γ-Fe2O3 phase was embedded in the core-like carbon nanoparticles and then 

further shell-like char layers, which was tightly correlated to the heterogeneous nucleating and 

growth mechanism. 

In addition to the morphology difference of the initially formed smoke intermediates, the 

thermal-oxidation behavior of the smoke intermediates of pure PS and PS/3Ferrocene was also 

required to be investigated in order to confirm the smoke stability at the flaming zone. In Fig.4-16 

(a), the smoke intermediates from EP/3Ferrocene exhibited remarkably reduced T5wt%, Tmax and 

T80wt% compared to that of pure PS, illustrating that the γ-Fe2O3 incorporation contributed to the 

more intensive oxidation process [342, 343]. Notably, the smoke intermediates of PS/3Ferrocene 

almost totally degraded while the smoke intermediates of PS merely started to degrade at the 

temperature of 550 oC. The investigation of the precise temperature profile close to the flaming 

zone demonstrated that the temperature stayed about 550 oC in the normal combustion 

circumstance (Fig.4-16 (b)). Based on the above temperature profiles, it was deduced that the 

initially formed smoke intermediates of PS/3Ferrocene were almost completely combusted while 

the virgin PS showed in the contrary way. Very understandably in the sense, the transformation of 

CO to CO2 was also accelerated due to the ease of oxidation behavior with the assistance of 

γ-Fe2O3. The thermal-oxidation degradation of the smoke intermediates proceeded in the catalytic 

process. The iron atoms in γ-Fe2O3 nanoparticles possibly coordinated with peroxide moiety on 

the molecules of smoke intermediates from the oxygen attack on C-H (Fig.4-19 (b)) [344]. The 

iron-containing complexation favored the further C-H and C-C bond activation via energy 

redistribution [345, 346]. Resultantly, the C-H and C-C bonds underwent the oxygen attack, giving 

rise to CO2. 
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Fig.4-16 (a) Thermal-oxidation degradation profile of smoke intermediates from PS and 

PS/3Ferrocene and (b) Temperature profile of PS on the external surface during CCT 

Investigation of volatile evolution 

Herein, TG-FTIR technique was employed to investigate the volatiles evolution profiles in order 

to reflect the impact of ferrocene on the small-molecule smoke precursors (mono-substituted 

benzene compounds and other C=C containing compounds). In detail in Fig.4-17, the 3D FTIR 

graphics of PS and PS/3Ferrocene exhibited that the incorporation of ferrocene did not noticeably 

change the evolved paths. In order to gain a better understanding of the peak assignments, the 

detailed correspondence was illustrated in Table 4-2. The comparison of FTIR spectra of PS and 

PS/3Ferrocene at the peak intensity demonstrated that the degradation products remained identical, 

which included predominantly styrene and its derivatives. Notably, the peaks at 1946 cm-1, 1875 

cm-1, 1824 cm-1, 1600 cm-1, 1497 cm-1 and 1440 cm-1 were attributed to the stretching vibration 

mode of mono-substituted benzene ring. Actually, the characteristic absorbance bands of the 

di-substituted and higher-substituted benzene rings were absent here, indicating that the evolved 

gases were composed of the mono-substituted benzene rings. Besides, the peaks at 3090 cm-1 and 

3078 cm-1 confirmed the presence of –CH=CH2 together with the peak located at 1630 cm-1 

(stretching vibration of carbon double bonds). Therefore, it was obtained that the predominant 

evolved component was styrene. However, the limited amount of substituted styrene was also 

detected due to the peak location of 1639 cm-1 and 2929 cm-1, which was in good agreement with 

the previous report [316]. 
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Fig.4-17 FTIR 3D graphics of (a) PS, (b) PS/3Ferrocene and (c) FTIR spectrum at the maximum 

intensity of PS and PS/3Ferrocene 

Table 4-2 Peak locations and their assignments 

Peak locations (cm-1) Peak assignments 

3090 and 3078 Stretching vibration, =C-H (-HC=CH2) 

3039 and 3027 Stretching vibration, C-H (Benzene ring, φ) 

2978 and 2876 Stretching vibration, -C-H (CH3) 

2929 Stretching vibration, -C-H (CH2) 

1926, 1875, 1824, 1600, 1497 and 1440 Stretching vibration, C=C (φ) 

1639 Stretching vibration, C=C (-C=CH2) 

1630 Stretching vibration, C=C (-CH=CH2) 

1421 In-plain deformation, =C-H 

990 and 913 Out of plain deformation, C-H (-HC=CH2) 

774 Out of plain deformation, -C-H (CH2) 

673 Bending vibration, C-H (φ) 

In order to compare the evolution of small-molecule smoke precursors, the benzene structure 

and double bond structure were investigated in Fig.4-18. The whole intensity of PS and 

PS/3Ferrocene showed a nearly identical curve trend with the identical peak intensity and the time 

to peak intensity. The integral value of whole intensity remained almost unchanged with tiny 

alternation after 42 min, which was corresponding to 500oC (ferrocene started to thermally 

degrade). In parallel, the predominated mono-substituted benzene structure (3030 cm-1 and 1600 



CHAPTER 4 SMOKE SUPPRESSION VIA VAPOR AND CONDENSED-PHASE 
MECHANISM 

122 
 

cm-1) and C=C containing compounds (1630 cm-1) also remained no remarkable difference 

between PS and PS/3Ferrocene. The neglectable alternation similarly occurred after roughly 

42min. Ferrocene incorporation did not remarkably reduce the evolution of the smoke precursors 

of mono-substituted benzene and double bond compounds. 

 

Fig.4-18 Volatiles evolution of (a) whole intensity, (b, c, d and e) substituted benzene and (f and h) 

double bond structure 

In conclusion, the ferrocene molecules imparted PS with significantly reduced smoke 

production predominantly from the thermal-oxidation degradation of smoke intermediates 

(Fig.4-19). PS/Ferrocene composite generated the smoke intermediates with enormous γ-Fe2O3 

nanoparticles as the inclusions. Subsequently, the included γ-Fe2O3 catalyzed the 

thermal-oxidation of smoke intermediates significantly at the temperature in flaming zone via 

coordination effect. The coordination effect activated the structure toward the stronger oxidation 

process (Fig.4-19 (b)). The previous literature reported the mechanism of the sequential adsorption 

of organic matters, ligand exchange induced coordination between iron oxide surface and organic 

matters and the desorption of the products [347]. As thermal-oxidation process occurred in the 

vapor phase, the smoke-suppression proceeded based on the vapor-phase mechanism. In parallel, 

the catalytic charring behavior of PS at the oxygen-lacking atmosphere generated the limited 

residue, which slightly reduced the evolution of smoke precursors (Fig.4-18). The 

condensed-phase mechanism was notably weak, which determined the predominant vapor-phase 

mechanism. 
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Fig.4-19 (a) Illustration of different smoke-production behaviors; (b) proposed thermal-oxidation 

mechanism of smoke intermediate 

4.3.2 EP/LDH-CD@Ferr composites 

a) Dispersion of LDH-CD@Ferr in EP matrix 

The dispersion of LDH-CD and LDH-CD@Ferr in EP matrix was investigated in Fig.4-20. In 

Fig.4-20 (a), the LDH-CD nanofiller kept in the aggregate state with the interface between 

nanosheets and matrix distinct. The poor dispersion was supposed to be due to the incompatibility 

between the intercalator sulfonated cyclodextrin and EP matrix. In parallel, LDH-CD@Ferr was 

better nano-dispersed in EP matrix (Fig.4-20 (b, c)) compared with EP/6LDH-CD with the 

interface more vague. The higher gallery spacing of LDH-CD@Ferr favored the nanodispersion 

and the diffusion of EP chains into LDH-CD@Ferr aggregates. Meanwhile, the S and Fe mapping 

in Fig. 4-20 (d, e, f) reflected that the ferrocene included sulfonated cyclodextrin (CD@Ferr) was 

remained in LDH gallery without damage. 
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Fig.4-20 TEM images of (a) EP/6LDH-CD and (b, c) EP/6LDH-CD@Ferr; (d) HAADF image, (e) 

S mapping and (f) Fe mapping of EP/6LDH-CD@Ferr 

b) Smoke-suppression behavior of EP/LDH-CD@Ferr composites 

Smoke-production behavior of EP and EP composites were investigated in CCT and demonstrated 

in Fig.4-21 and Table 4-3. In terms of neat EP, the smoke production was awfully harmful for 

fatality. 6wt% LDH-CD imparted EP (0.28±0.02 m2/s) with the decreased peak smoke production 

rate (peak SPR) by 10.7%. In contrast, EP/6LDH-CD@Ferr possessed peak SPR value of 

0.17±0.01 m2/s, which was 42.9% lower than that of neat EP. In parallel, the addition of LDH-CD 

and LDH-CD@Ferr decreased the total smoke production (TSP) of EP by 25.7% and 54.4% 

respectively. Compared to EP/6LDH-CD, EP/6LDH-CD@Ferr reduced the TSP value by 28.7%. 

The investigation of peak HRR and TSP demonstrated that LDH-CD suppressed the smoke 

production of EP. The incorporation of ferrocene into LDH-CD further suppressed the smoke 

production of EP matrix.  
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Fig.4-21 (a) Smoke production rate and (b) total smoke production of EP, EP/6LDH-CD and 

EP/6LDH-CD@Ferr 

Table 4-3 CCT data of EP and EP composites (50kW/m2) 

Sample 
pHRR 

(kW/m2) 

THR 

(MJ/m2) 

Peak SPR 

(m2/s) 

TSP 

(m2) 

Residue 

(wt%) 
AMLR (g/s) 

EP 980±39 107±6 0.29±0.02 34±2 14.6±1.2 0.11±0.01 

EP/6LDH-CD 910±34 86±6 0.24±0.02 25±2 18.0±1.5 0.10±0.01 

EP/LDH-CD@Ferr 682±25 78±5 0.17±0.01 18±1 21.1±1.6 0.08±0.01 

pHRR: Peak heat release rate      THR: total heat release   Peak SPR: Peak smoke production rate     

TSP: Total smoke production     AMLR: average mass loss rate 

c) Smoke-suppression mechanism of EP/LDH-CD@Ferr composites 

The smoke-suppression mechanism was handled from condensed-phase and vapor-phase aspects. 

The condensed-phase mechanism was involved in the formation of the carbonaceous layers with 

the intensive protection toward the underlying polymers. Resultantly, the smoke precursors of 

polyaromatic compounds were reduced. It was certified in the following work that the facture of 

unstable carbonaceous layer did not result in the smoke production. The vapor-phase mechanism 

was involved in the promoted combustion of smoke intermediates (soot). The investigation of 

smoke intermediates (soot) disclosed the vapor-phase smoke-suppression behavior. 

Condensed-phase mechanism-Carbonaceous layer analysis 

The char structure was visually observed via SEM and digital images. In Fig.4-22 (a-2) and (b-2), 

EP/6LDH-CD generated more char with higher size compared with that of EP. The incorporation 

of ferrocene further enhanced the char amount and size with better integrity and continuity relative 

to that of EP/6LDH-CD (Fig.4-22 (c-1) and (c-2)). Notably, the red stuff (Fe2O3) covered the char 
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of EP/6LDH-CD@Ferr (Fig.4-22 (c-2)), which manifested that a part of ferrocene was transferred 

into Fe2O3 and participated in the charring process. The retention of Fe2O3 in chars of EP was 

intimately correlated with the char continuity and integrity. In order to ascertain the relationship 

between the macroscopic digital images and the retention of Fe2O3, the microscopic char structure 

and charring process were investigated. 

 

Fig.4-22 (a-1), (b-1), (c-1) side view and (a-2), (b-2), (c-2) top view of char of EP, EP/6LDH-CD 

and EP/6LDH-CD@Ferr 

The insightful investigation of the char structure was performed via SEM (Fig.4-23). The 

incorporation of LDH-CD slightly improved the interior and exterior char structure with less holes 

and more integrity in comparison to that of neat EP (Fig.4-23 (a-d)). Notably, in Fig.4-23 (e) and 

(f), the ferrocene modification of LDH-CD further enhanced the integrity and continuity of 

interior char from EP/6LDH-CD with neglectable holes. 

 

Fig.4-23 Digital images of (a), (c), (e) interior and (b), (d), (f) exterior char of EP, EP/6LDH-CD 
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and EP/6LDH-CD@Ferr respectively 

The EDS analysis of the white area of EP/6LDH-CD@Ferr (Fig.4-24) revealed the composition 

of char particles were rich in Mg, Al and Fe elements. It was considered to stem from the 

promoted charring of EP resin surrounding LDH-CD@Ferr via the analysis of char yield in cone 

calorimeter test (CCT) (Fig.4-24 (c)) and thermogravimetric analysis (TG) (Fig.4-24 (d)). In 

parallel, the exterior char (Fig.4-23 (f)) possessed the white char particles embedded into the 

carbonaceous layer. It indicated the adhesion between white char particles and carbonaceous layer 

was enhanced due to the catalytic charring by ferrocene and its derivatives around the pyrolyzed 

products of LDH-CD. Meanwhile, the enhancement of thermal stability (high temperature range in 

Fig.4-24 (c) and (d)) restricted the degradation of carbonaceous layers, resulting in the stronger 

barrier structure. The interior and exterior char structure in SEM observation and the macroscopic 

structure in digital images were accordingly optimized. In parallel, the mechanical robustness was 

probably improved due to the formation of nanocomposite char structure with metal oxides (from 

LDH-CD) acting as the fillers and carbons as the matrix. The improved mechanical robustness 

inhabited the facture of the carbonaceous layers and improved the integrity. 

 

Fig.4-24 (a) SEM image of interior char of the selected area of EP/6LDH-CD@Ferr and (b) EDS 

spectra; Weight profile in (c) CCT and (d) TG of EP, EP/6LDH-CD and EP/6LDH-CD@Ferr 

Condensed-phase mechanism-Charring reaction analysis 
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The weight curves in CCT (Fig.4-24 (c)) and TG analysis (Fig.4-24 (d)) verified the presence of 

promoted charring reaction particularly at the late stage. Herein, the charring reaction was 

explicitly studied. In consideration of the fact that the sample (EP and EP composites) underwent 

the thermal degradation at inert atmosphere during combustion, the effect of ferrocene on the 

degradation behavior of EP/LDH-CD was qualitatively studied via TG-FTIR (Fig.4-25). In 

Fig.4-25, the ratio of aliphatic and aromatic compounds of EP was higher than 1 at the degradation 

range. Contrastively, EP/6LDH-CD and LDH/6LDH-CD@Ferr possessed the lower ratio than 1, 

which indicated that the aliphatic compounds were converted into aromatic (or polyaromatic) 

compounds. The incorporation of ferrocene molecule slightly reduced the ratio of aliphatic and 

aromatic compounds compared with EP/6LDH-CD, which presented the further conversion of 

aliphatic to aromatic compounds under the function of ferrocene. The ratio of integral value of 

aliphatic and aromatic compounds (Fig.4-25 (b)) presented the similar trend. The results certified 

the catalytic charring effect of ferrocene (or ferrocene derivatives) toward the conversion reaction. 

The generated aromatic compounds acted as the fundamental component for the charring process. 

Similar to the previous report, the degraded Fe2O3 from ferrocene contributed to the catalytic 

charring of EP/6LDH-CD toward formation of more protective carbonaceous layers. 

 

Fig.4-25 (a) Ratio of transient value of and (b) ratio of integral value at the degradation period 

(40-55min) and of EP, EP/6LDH-CD and EP/6LDH-CD@Ferr 

Condensed-phase mechanism-Volatile evolution 

The direct result from condensed-phase smoke-suppression behavior was the reduction of the 

smoke precursor molecules. TG-FTIR (Fig.4-26 (a)) revealed that the main smoke degraded 

products were released between 50min and 60min. The comparison of the peaks demonstrated that 

the LDH-CD and LDH-CD@Ferr did not change the species of evolved volatiles. The alteration 
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was focused on the re-adjustment of the degradation process with the addition of LDH-CD and 

LDH-CD@Ferr. In Fig.4-26 (b), the peaks located at 3650cm-1, 3034cm-1, 2974cm-1, 2180cm-1 

and 1600cm-1 were assigned to phenol, double-bond, aliphatic, CO and aromatic compounds 

respectively. Amongst them, the double-bond and aromatic compounds were considered as the 

smoke precursors, which underwent polyaromatic reaction, nucleation and growth process.  

Fig.4-27 presented the evolution profile of aromatic and double-bond compounds. In Fig.4-27 

(a) and (c), the addition of LDH-CD reduced the peak evolution intensity of aromatic and 

double-bond compounds. The ferrocene modification decreased the peak evolution intensity of 

aromatic and double-bond compound with notable reduction at the late stage of release. In parallel, 

Fig.4-27 (b) and (d) illustrated the remarkable reduction of the integral intensity after addition of 

LDH-CD and LDH-CD@Ferr with the more notable decrease of EP/6LDH-CD@Ferr. The above 

evaluation presented the dual reduction of smoke precursors with the sequential addition of 

LDH-CD and inclusion modification of ferrocene. 

 

Fig.4-26 (a) TG-FTIR 3D image of EP/6LDH-CD@Ferr; (b) FTIR spectra at the maximum 

intensity of volatiles of EP, EP/6LDH-CD and EP/6LDH-CD@Ferr 
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Fig.4-27 Evolved intensity of (a) aromatic and (c) double-bond compounds; Intensity integration 

of evolved volatiles of (b) aromatic and (d) double-bond compounds 

Vapor-phase mechanism-TEM observation 

The soot (smoke intermediate) was collected for the visual observation and thermal-oxidation 

study. In Fig.4-28, EP and EP/6LDH-CD@Ferr produced the soot with the similar size of carbon 

nanoparticle (ca. 50nm). Different from the soot of PS/Ferrocene, no notable Fe2O3 nanoparticles 

emerged in soot of EP/6LDH-CD@Ferr. The spherical and sphere-like morphology of carbon 

nanoparticle illuminated the homogeneous nucleation for both cases. The ordered arrangement of 

was detected in Fig.4-28 (b) and (h), which was reflected by the diffraction rings in SAED images 

of Fig.4-28 (c) and Fig.4-28 (i). In both cases, the main element composition of the carbon 

nanoparticles was C and O (Fig.4-28 (d, e, f) and (j, k, l) and Fig.4-29). 

EDS spectra (Fig.4-29 (a)) with the quantitative analysis illuminated that except the main 

element (C and O), a small amount of Fe and S emerged in soot of EP/6LDH-CD@Ferr with 

atomic ratio (1:9) of Fe and S. S element in EP/6LDH-CD@Ferr came from DDS component and 

sulfonated CD intercalator. The comparison of the atomic ratio of Fe and S element in 

LDH-CD@Ferr (1:6) and soot of EP/LDH-CD@Ferr (1:9) illustrated that a part of ferrocene 

molecules in LDH-CD@Ferr probably entered the vapor phase directly during combustion. Due to 
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relatively low amount of ferrocene molecules, the formation of Fe2O3 phase was inhibited. The 

undetected sub-nano phase of iron derivatives was possibly generated (Fig.4-29 (b)). Apart from it, 

Mg and Al elements were not detected in EDS spectra (Fig.4-29 (a)), which indicated that the 

smoke soot did not come from fracture of the carbonaceous layer. 

 

Fig.4-28 (a) (b) TEM images, (c) selected area electron diffraction (SAED), (d) HAADF image 

and (e) (f) C and O mapping of soot of neat EP; (g) (h) TEM images, (i) SAED, (j) HAADF image 

and (k) (l) C and O mapping of soot of EP/6LDH-CD@Ferr 

 

Fig.4-29 (a) EDS spectra of smoke intermediate from EP/6LDH-CD and EP/6LDH-CD@Ferr; (b) 

HAADF image with Fe and S mapping of smoke intermediate from EP/6LDH-CD@Ferr 

Vapor-phase mechanism-TG analysis 

TG analysis of the soot was illustrated in Fig.4-30. In Fig.4-30 (a), the soot of EP/6LDH-CD 
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showed the slight decrease of temperature at 5wt% (T5wt%) by 33oC compared with that of neat EP. 

Due to the composition alteration of smoke precursors towards the lower ratio of aliphatic and 

aromatic compounds (Fig.4-25 and Fig.4-27), the thermal stability of the soot of EP/6LDH-CD 

was reduced. The similar result was reflected in the wider temperature range of thermal-oxidation 

degradation in DTG curve (Fig.4-30 (b)). In parallel, the soot of EP/6LDH-CD@Ferr possessed 

lower T5wt%, which was 23oC and 56oC reduced compared to those of EP/6LDH-CD and EP. The 

temperature at the maximum degradation rate (Tmax) was roughly 72oC and 86oC lower than those 

of EP/6LDH-CD and EP respectively (Fig.4-30 (b)). Reasonably, the lower thermal-oxidation 

stability of the soot (smoke intermediate) resulted in the promoted combustion and less smoke 

production. The temperature range of EP at 50kW/m2 was measured using infrared temperature 

detector (Fig.4-31 and Fig.2-11(b)). The combustion temperature was maintained at roughly 

550oC at 35kW/m2 in CCT, which determined that the majority of EP soot was retained and the 

majority of EP/6LDH-CD@Ferr was combusted. 

  

Fig.4-30 (a) TG and (b) DTG curves of soot from EP, EP/6LDH-CD and EP/6LDH-CD@Ferr 

 

Fig.4-31 Temperature at combustion zone of EP at 50kW/m2 
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Scheme 4-4 (a) Condensed-phase mechanism [36] and (b) vapor-phase mechanism for smoke 

suppression of EP/6LDH-CD@Ferr [348] 

Smoke-suppression mechanism 

In terms of EP/6LDH-CD@Ferr, both the condensed-phase and vapor-phase mechanism played 

the important roles in reducing smoke production. The condensed-phase phase was associated 

with the formation of mechanically robust carbonaceous layers, which facilitated the barrier effect 

toward heat and volatiles. The conversion of aliphatic compounds to aromatic (and/or 

polyaromatic) compounds (Scheme 4-4 (a)) favored the charring reaction after the incorporation 

of Ferr. The TG-GC-MS result of EP matrix in Section 4.3.3 revealed the basic aromatic structure 

and probable polyaromatic reaction toward the smoke intermediates and the char structure. The 

integral result was the notable reduction of smoke precursors (aromatic compounds) due to 

slightly increased aromatic compounds from the conversion reaction and remarkably reduced 

aromatic compound from the barrier effect. In parallel, the vapor-phase mechanism was involved 

in the intensive thermal-oxidation of some intermediates based on the activated C-H by iron 

derivatives (Scheme 4-4 (b)) (similar to that of PS/3Ferrocene). Hence, the smoke suppression of 

EP/6LDH-CD@Ferr was originated from both condensed-phase and vapor-phase mechanism. 

d) Fire retardancy of EP/LDH-CD@Ferr 

LOI and UL-94 vertical burning test 

In Fig.4-32, the addition of 6wt% LDH-CD increased LOI value of EP from 24.2% to 24.6%. The 

slight enhancement was due to the limited dispersion of LDH-CD in EP matrix. The ferrocene 
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modification of LDH-CD gave rise to a notable increased LOI value of 28.1%, which was 3.9% 

and 3.5% higher than those of EP and EP/6LDH-CD. The incorporation of ferrocene promoted the 

charring with higher-quality chars acting as protective barrier. Meanwhile, UL-94 vertical burning 

test disclosed the self-extinguishing property of EP/6LDH-CD@Ferr in contrast to the 

burning-to-clamp of EP and EP/6LDH-CD. However, EP/6LDH-CD@Ferr did not pass UL-94 

V-2 rating, which demonstrated the limited fire retardancy. 

 

Fig.4-32 LOI value of EP and EP composites 

Cone calorimeter test (CCT) 

In Fig.4-33 (a) and Table 4-3, EP, EP/6LDH-CD and EP/6LDH-CD@Ferr presented the peak heat 

release rate (pHRR) of 980±39kW/m2, 910±34 kW/m2 and 682±25 kW/m2 respectively. 6wt% 

LDH-CD slightly reduced pHRR of EP with ignition time (tig) slightly decreased. LDH-CD@Ferr 

imparted EP with 30.9% reduction in pHRR. Compared with EP/6LDH-CD, EP/6LDH-CD@Ferr 

demonstrated notably lower pHRR (25.0% reduction), which certified the positive effect of 

ferrocene in suppressing fire hazard. Total heat release (THR) showed a similar trend with THR 

value of EP/6LDH-CD@Ferr 27.8% lower than that of neat EP. In terms of weight profile, 

EP/6LDH-CD@Ferr generated the highest char percentage of 21.1±1.6 wt% particularly after 

250s, accompanied by the reduced average mass loss rate (AMLR) relative to neat EP.  

Due to the limited release of ferrocene into the flaming zone (Fig.4-29), the average efficient 

heat of combustion (av-EHC) of EP/6LDH-CD@Ferr kept the nearly identical value of 21.0±0.5 

KJ/kg compared to 21.4±0.5 KJ/kg, which revealed the absence of vapor-phase fire-retardant 

mechanism. In combination of the char morphology (Fig.4-22, Fig.4-23 and Fig.4-24) and the 

remained improved char yield (Fig.4-24 (c) and (d)), the condensed-phase mechanism accounted 



CHAPTER 4 SMOKE SUPPRESSION VIA VAPOR AND CONDENSED-PHASE 
MECHANISM 

135 
 

for the decreased fire safety. The higher-quality and higher-quantity char formed during 

combustion acted as the shielding barrier against volatiles and heat. Resultantly, the evolved 

flammable gases were reduced (Section 4.3.2 (c)). In the molecule level, the iron nanocatalyst 

from thermal oxidation of ferrocene catalyzed the polyaromatic charring reaction (Fig.4-25). In 

addition, the ignition behavior of EP/6LDH-CD@Ferr occurred at the earlier moment relative to 

EP and EP/6LDH-CD, which was closely related to the alteration of thermal inertia and initial 

thermal-oxidation (and/or thermal) stability (Fig.4-34). The addition of LDH-CD decreased the 

initial thermal and thermal-oxidation stability of EP to different degrees. As the ferrocene 

molecules were incorporated into EP/6LDH-CD, the initial thermal and thermal-oxidation stability 

(T5wt%) was notably reduced, which contributed to the earlier ignition in case of the almost 

unchanged thermal inertia (a limited amount of ferrocene in EP/6LDH-CD@Ferr). The lower 

thermal and thermal-oxidation behavior contributed to the higher concentration of flammable 

gases.  

 

Fig.4-33 (a) HRR and (b) THR of EP and EP composites 

 

Fig.4-34 (a) TG curves and (b) DTG curves at air atmosphere of EP and EP composites 
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4.3.3 EP/LDH-DBS@Ni(OH)2 

a) Dispersion of LDH nanosheets in EP/LDH-DBS@Ni(OH)2 

The dispersion state of nanohybrid LDH-DBS@Ni(OH)2 in EP matrix was investigated by TEM 

and XRD. In XRD pattern (Fig.4-35 (a)), the addition of 3wt% LDH-DBS and 

LDH-DBS@Ni(OH)2 into EP shifted (003) reflection from 3.1o to 2.6o, which indicated that the 

basal spacing was enlarged to 3.45 nm from 2.98 nm for both cases. In parallel, TEM observation 

(Fig.4-35 (c, d, e, f, g, h)) illuminated that LDH-DBS@Ni(OH)2 tended to be dispersed slightly 

more uniformly in EP than LDH-DBS, accompanied by weaker SEAD patterns due to the 

alteration of surface feature of LDH nanosheet. In combination of XRD and TEM result, 

LDH-DBS@Ni(OH)2 formed intercalated and uniformly nano-dispersed state in EP, which was 

originated from shear effect in processing and internal stress during curing (Fig.4-35 (b)). 

 

Fig.4-35 (a) XRD patterns of EP and EP nanocomposites; (b) schematic illustration of the 

shear-induced intercalation of LDH-DBS in EP matrix; (c), (d) and (e) TEM images of 

EP/3LDH-DBS with inset selected area electron diffraction (SAED); (f), (g) and (h) TEM images 

of EP/3LDH-DBS with SEAD 

b) Smoke-suppression behavior of EP/LDH-DBS@Ni(OH)2 

The smoke-suppression behavior was demonstrated in Fig.4-36 and Table 4-4. The addition of 

3wt% LDH-NO3 did not decrease the peak SPR of neat EP (0.28±0.01 m2/g) but reduced TSP at 

200s from 23.6±0.8 m2 to 19.3±1.5m2. In parallel, the addition of the reference sample LDH-DBS 

decreased the peak SPR and TSP at 200s by 32.0% and 20.3% respectively, which reflected the 

positive effect of LDH-DBS in suppressing the smoke production. The comparison of 
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EP/3LDH-NO3 and EP/3LDH-DBS illuminated that the intercalation modification of LDH 

favored the improvement of smoke suppression. The better nanodispersion of LDH in EP matrix 

(Fig.3-35) contributed to the formation of higher-quality intumescent char. Furthermore, the 

engineering of the ultrafine Ni(OH)2 nanoparticles on LDH-DBS nanosheets decreased the peak 

SPR and TSP at 200s by 26.3% and 58.0% separately, which revealed the smoke-suppression 

effect of Ni(OH)2 modification. EP/3LDH-DBS@Ni(OH)2 possessed the reduced peak SPR and 

TSP at 200s compared with  that of neat EP by 50.0% and 65.5% correspondingly. Actually, TSP 

at 600s of EP/3LDH-DBS@Ni(OH)2 was not reduced compared to that of EP/3LDH-DBS and 

EP/3LDH-NO3, which was due to the promoted combustion process at the late stage (between 

200s and 400s). Metal oxide was considered to promote the late-stage combustion of intumescent 

fire-retardant polymer composites [349-351]. The average smoke production rate was decreased 

due to the extended combustion time, which indicated the lowered fire hazard from smoke release. 

 

Fig.4-36 (a) SPR and (b) TSP of EP and EP nanocomposites 

Table 4-4 CCT data of EP and EP nanocomposites (50kW/m2) 

Sample 
Peak 

SPR (m2/g) 

pHRR 

(kW/m2) 

THR(MJ/m2) 

 at 200s 

TSP(m2)  

at 200s 

AMLR  

(g/s) 

FIGRA 

(kW m-2 s-1) 

EP 0.28±0.01 979±47 74.9±3.1 23.6±0.8 0.110±0.008 6.13 

EP/3LDH-NO3 0.27±0.01 772±33 59.3±3.3 19.3±1.5 0.100±0.007 3.64 

EP/3LDH-DBS 0.19±0.01 527±22 57.5±2.8 18.8±1.2 0.079±0.006 2.64 

EP/3LDH-DBS@Ni(OH)2 0.14±0.01 372±9 25.9±1.4 7.9±0.6 0.052±0.002 1.05 

Peak SPR: Peak smoke production rate   pHRR: Peak heat release rate   THR at 200s: Total heat release at 200s    

TSP: Total smoke production   AMLR: Average mass loss rate   FIRGA: Fire growth rate 

c) Smoke-suppression mechanism of EP/LDH-DBS@Ni(OH)2 

The smoke-suppression mechanism was investigated from the condensed-phase and vapor-phase 
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aspect. The condensed-phase mechanism was associated with the formation of protective 

carbonaceous char that inhibited the release of aromatic (and/or polyaromatic) compounds. The 

charring structure and charring process were stressed. The molecule-level mechanism was studied. 

The vapor-phase mechanism was involved in the intensive thermal-oxidation process of smoke 

intermediates (soot).  

Condensed-phase mechanism-Carbonaceous layer analysis 

The digital images (Fig.4-37 (a-1), (b-1), (c-1), (d-1) and (a-2), (b-2), (c-2), (d-2)) demonstrated 

that the addition of 3wt% LDH-NO3 and LDH-DBS generated the char with notably bigger 

dimension and more compact and continuous structure. The char from LDH-DBS-based EP 

nanocomposite possessed the more integral and continuous structure than that of EP/3LDH-NO3 

due to the better nano-dispersion of LDH nanosheets. It was detectable that a layer of fluffy white 

stuffy were present in char of EP/3LDH-DBS@Ni(OH)2, which was originated from the 

metal-oxides-rich chars. The formation of metal-oxides-rich chars was intimately correlated with 

the dispersion of LDH-DBS nanosheets in EP matrix (Fig.4-35). At the late of combustion, the 

organic component was combusted with the remaining of inorganic metal oxides. The 

incorporation of Ni(OH)2 nanocatalyst was considered to promote the charring process with more 

formation of fluffy char sheets. In parallel, the investigation of the interior and exterior char 

(Fig.4-37 (a-3), (b-3), (c-3), (d-3) and (a-4), (b-4), (c-4), (d-4)) disclosed that 

EP/3LDH-DBS@Ni(OH)2 possessed the integral and continuous char surface with less holes and 

fractures compared with those of EP, EP/3LDH-NO3 and EP/3LDH-DBS. The comparative study 

of char from EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 revealed the critical effect of Ni(OH)2 

nano-catalyst on the formation of continuous char structure in condensed phase (Fig.4-37 (a-3), 

(b-3), (c-3), (d-3)).  

In order to insightfully analyze the effect of ultrafine Ni(OH)2 on the char structure, the vertical 

and transverse sections were observed (Fig.4-38 (a-d)). Compared with the compressed holes of 

EP/3LDH-DBS char, EP/3LDH-DBS@Ni(OH)2 generated the more inflated pores, which 

probably induced the better heat insulation. Meanwhile, the more inflated pores revealed the 

higher mechanical robustness of char structure after the addition of Ni(OH)2. 
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Fig.4-37 Horizontal view (a-1), (b-1), (c-1), (d-1) and top view (a-2), (b-2), (c-2), (d-2) of EP, 

EP/3LDH-NO3, LDH-DBS and LDH-DBS@Ni(OH)2 respectively; Interior char (a-3), (b-3), (c-3), 

(d-3), exterior char (a-4), (b-4), (c-4), (d-4) and EDS spectra (a-5), (b-5), (c-5), (d-5) of the interior 

char from EP, EP/3LDH-NO3, EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 respectively 

 

Fig.4-38 Vertical section of char from (a) EP/3LDH-DBS and (b) EP/3LDH-DBS@Ni(OH)2; 

transverse section of char from (c) EP/3LDH-DBS and (d) EP/3LDH-DBS@Ni(OH)2 
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In addition to the observation in the macroscopic scale and mesoscopic scale, the measurement 

in the mesoscopic scale offered useful information about the mechanism of the improved char 

structure. The Raman spectra and XRD pattern were showed in Fig.4-39. The XRD pattern 

(Fig.4-39 (a)) showed the inclusion of spinel MgO·Al2O3 crystals [352, 353], which acted as the 

reinforcement of the char with improved mechanical robustness. The Raman spectra (Fig.4-39 (b)) 

illustrated that the D band (ca. 1356cm-1, A1g breathing vibration of sp3 hybridized carbon) and G 

band (ca. 1588cm-1, E2g in-plane stretching of six-ring sp2 carbon) remained unchanged after 

addition of nanofillers [354]. The intensity ratio of D and G band (ID/IG) reflected the 

microcrystalline size of char with the higher ID/IG indicative of smaller size. The char of EP 

nanocomposites with nanofillers possessed slightly reduced ID/IG value, which presented the 

higher microcrystalline size. Notably, the higher microcrystalline size resulted in the better char 

structure in the mesoscopic scale with the smaller microcrystalline size [53]. Compared with those 

of EP/3LDH-NO3 and EP/3LDH-DBS, EP/3LDH-DBS@Ni(OH)2 generated the char with higher 

ID/IG value, which indicated the better char structure in the mesoscopic scale. In combination of 

the observation in the macroscopic and mesoscopic scale, ultrafine Ni(OH)2 nano-catalyst 

intensified the char structure. The improved char structure shielded the underlying polymer matrix 

against flammable gases and heat. 

 
Fig.4-39 (a) XRD pattern of char from EP/3LDH-DBS@Ni(OH)2; (b) Raman spectra of EP, 

EP/3LDH-NO3,EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 

Condensed-phase mechanism-Charring process 

The charring process of EP and EP nanocomposites were investigated by the combustion 

termination in CCT and temperature detection during the combustion, accompanied by the 

invariable-temperature and variable-temperature charring analysis in TG. The in-situ carbonization 
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process by vt-FTIR was also carried out. In Fig.4-40 (a) and (c), the addition of LDH-DBS and 

LDH-DBS@Ni(OH)2 promoted the earlier degradation of EP matrix due to the lower intrinsic 

thermal stability of nanofillers. Aiming to investigate the effect of ultrafine Ni(OH)2 on charring 

behavior of EP/3LDH-DBS, the calculated weight of EP/3LDH-DBS@Ni(OH)2 was obtained 

based on the linear combination of EP/3LDH-DBS and Ni(OH)2. The difference between 

experimental and calculated weight (Fig.4-40 (b)) at the invariable-temperature thermal analysis 

demonstrated the slightly promoted degradation with the minimum weight difference of -0.2% at 

the initial 12.3min, followed by remarkable promoted charring with the maximum weight 

difference of 16.5% from 12.3min. The insightful analysis of the promoted charring process 

disclosed the strengthened charring and weakened charring periods, which revealed the dynamic 

change of char. The similar phenomenon was also detected in variable-temperature charring 

analysis (Fig.4-40 (d)). The integration of invariable-temperature and variable-temperature 

charring illuminated the remarkable enhancement of ultrafine Ni(OH)2 on the charring capacity of 

EP/3LDH-DBS at a given temperature and time conditions. 

 

Fig.4-40 (a) Heating thermal degradation behavior of EP, EP/3LDH-DBS, 

EP/3LDH-DBS@Ni(OH)2 and calculated EP/3LDH-DBS@Ni(OH)2; (b) difference between 

experimental and calculated value at heating thermal analysis; (c) invariable-temperature thermal 

degradation behavior of EP, EP/3LDH-DBS, EP/3LDH-DBS@Ni(OH)2 and calculated value of 

EP/3LDH-DBS@Ni(OH)2; (d) difference between experimental and calculated value of 

EP/3LDH-DBS@Ni(OH)2 at invariable-temperature thermal analysis; (e) vt-FTIR spectra of 
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EP/3LDH-DBS@Ni(OH)2 at different times; (f) vt-FTIR spectra of EP, EP/3LDH-DBS and 

EP/3LDH-DBS@Ni(OH)2 at 40min 

The in-situ polyaromatic reaction was certified by vt-FTIR test. In Fig.4-40 (e), the peak of 

EP/3LDH-DBS@Ni(OH)2 at 1250cm-1 (ø-O-C) broadened toward lower wavenumber at 40min 

rather than that at 0 min, 10 min and 20min, which illustrated the formation of polyaromatic 

structure with higher aromaticity. Similarly, EP/3LDH-DBS@Ni(OH)2 rather than EP/3LDH-DBS 

illustrated higher tendency of broadening than that of EP (Fig.4-40 (f)), which indicated the 

effectiveness of LDH-DBS@Ni(OH)2 in promoting the polyaromatic reaction. The promotion of 

polyaromatic reaction evidenced the positive effect of Ni(OH)2 on charring behavior, which 

revealed the consistent result with invariable-temperature and variable-temperature charring 

analysis. The higher-aromatic-degree gave rise to polyaromatic compounds that surrounded metal 

oxides. Resultantly, the stronger char structure was generated with metal oxides particles the 

effective reinforcers and aromatic compounds the interface linker.  

The charring process and structure was further studied via terminating combustion at the peak 

heat release rate of neat EP in CCT. SPR curves (Fig.4-36 (a)) illustrated that EP/3LDH-DBS and 

EP/3LDH-DBS@Ni(OH)2 were constructing the char structure at the termination point. The 

digital images (Fig.4-41) showed that EP/3LDH-DBS@Ni(OH)2 generated the drum-like char 

with remarkable integrity and nearly no holes on the surface in comparison to that of 

EP/3LDH-DBS with poor integrity and notable holes. The SEM observation (Fig.4-42 (a-d)) 

demonstrated that EP/3LDH-DBS@Ni(OH)2 generated the interior surface with closed pores. In 

contrast, EP/3LDH-DBS induced the interior surface with ruptured pores, which resulted in the 

stronger mass exchange through the surface. More remarkably in Fig.4-42 (e-h), the exterior 

surface of char from EP/3LDH-DBS@Ni(OH)2 possessed nearly continuous and integral structure 

in comparison to that of EP/3LDH-DBS with approximately 1μm holes. The comparison of digital 

and SEM images of EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 revealed the positive effect of 

ultrafine Ni(OH)2 on the dynamic construction of char structure. The result was in a good 

agreement with invariable-temperature charring analysis. 
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Fig.4-41 (a-1) front view and (a-2) top view of char of EP/3LDH-DBS; (b-1) front view and 

(b-2) top view of char of  EP/3LDH-DBS@Ni(OH)2 at the moment of 157s during CCT 

 

Fig.4-42 SEM images of interior surface of char from (a), (c) EP/3LDH-DBS and (b) (d) 

EP/3LDH-DBS@Ni(OH)2; exterior surface of char from (e), (g) EP/3LDH-DBS and (f) (g) 

EP/3LDH-DBS@Ni(OH)2 

 

Fig.4-43 Digital images of vertical section of char in CCT at 157s of (a) EP/3LDH-DBS and 

EP/3LDH-DBS@Ni(OH)2 
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Furthermore, the digital image (Fig.4-43) at the vertical section demonstrated that 

EP/3LDH-DBS generated the char macrostructure with hole-structure carbonaceous layer on the 

top and enormous pore structure in the underlying matrix. In contrast, the char of 

EP/3LDH-DBS@Ni(OH)2 possessed an integral carbonaceous layer on the top, which protected 

the underlying matrix. The pore structure became less serious relative to that of EP/3LDH-DBS. 

The protection effect on degradation process enabled to be reflected by the temperature detection. 

In Fig.4-44 (a) and (b), the temperature differences at the middle and bottom position between 

EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 reached 52oC and 29oC respectively, which 

disclosed the critical effect of ultrafine Ni(OH)2 on char structure of top surface. 

In addition, the temperature analysis in the whole process in Fig.4-45 and Fig.4-44 (c) and (d) 

illustrated that EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 possessed the significantly higher 

temperature difference between top and bottom surface than that of EP matrix, which revealed the 

thermal insulation of intumescent char. Particularly, the comparison at the 400s time interval 

demonstrated that EP/3LDH-DBS@Ni(OH)2 possessed the temperature difference of 362oC, 

notably higher than 320oC of EP/3LDH-DBS. The result unveiled the function of Ni(OH)2 on 

strengthening the intumescent structure (Fig.4-38). 

 

Fig.4-44 Comparison of (a) middle temperature and (b) bottom temperature of EP, 

EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2; top, central and bottom temperature of (a) 



CHAPTER 4 SMOKE SUPPRESSION VIA VAPOR AND CONDENSED-PHASE 
MECHANISM 

145 
 

EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 

 

Fig.4-45 Top, middle and bottom temperature of EP at CCT 

Based on the dynamic process from EP bulk to drum-like char structure to the intumescent 

open-pore char structure with white char pieces on the surface, the basic charring process was 

obtained with reference to the invariable-temperature charring behavior. After imposing the 

intensive heat, the top surface of EP/3LDH-DBS@Ni(OH)2 rapidly increased the temperature to 

ignition temperature (ca. 400oC) at ca. 360oC/min, which induced the ignition and the incident 

consumption of oxygen. Subsequently, the anaerobic charring behavior occurred at the 

certain-thickness top layer, resulting in the high-quality drum-like carbonaceous layer (Fig.4-41 

and Fig.4-42). The relatively high mechanical robustness of top layer facilitated the integrity 

during inflation to drum process by the internal stress and decomposed volatiles. The 

incorporation of ultrafine Ni(OH)2 into EP/3LDH-DBS gave rise to stronger protection toward 

underlying matrix, which resulted in the slower thermal degradation behavior and the incident 

higher weight remaining (Section 4.3.3 (d)).  

After 157s, the underlying char matrix further underwent anaerobic charring behavior with the 

formation of intumescent and porous char structure. In terms of the intumescent structure, the 

intumescent behavior was dependent on the dispersion state of LDH nanosheets in EP matrix 

(Fig.4-35, Fig.4-37 and Fig.4-42). The incorporation of LDH-DBS droved the transformations of 

carbon from stiff char of EP matrix to more robust metal oxides-filled char. It was proposed that 

the interplay between gases (predominantly from EP volatile) and carbon (from residue of EP and 

LDH-DBS) played a critical role in the intumescent process. The decoration of ultrafine Ni(OH)2 
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further strengthened the mechanical robustness. The white char pieces were probably originated 

from the aerobic degradation of the intumescent char, especially surface char, at the late 

combustion stage with the formation of metal-oxide-rich structure. After the investigation of 

optimized charring process and charring structure, the charring reaction by Ni(OH)2 was 

evidenced to occur at the interface between EP matrix and LDH-DBS nanosheets. The dispersion 

of metal oxides in char was studied. In Fig.4-46 (a-d), the notable lamella-like aggregate was 

observed with Mg, Al and Ni elements inside, which indicated that charring promotion reaction 

probably occurred at the interface. Actually, enormous Mg, Al and Ni compounds were dispersed 

in the char in the relatively uniform form, which reflected that the interfacial charring behavior 

occurred in the whole EP matrix. 

 

Fig.4-46 (a) and (b) TEM images of char from EP/3LDH-DBS@Ni(OH)2; (c) Mg mapping; 

(d) high angle angular dark field (HAADF) images with Ni and Al mapping 

Condensed-phase mechanism-Volatile evolution 

The direct result of the intensified char structure was the changed volatile evolution. Herein, EP, 
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EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 were selected for volatile evolution. Fig.4-47 

illuminated that the species of the main pyrolyzed products (3645cm-1, phenol compound; 

3034cm-1, double-bond compounds; 2968cm-1, aliphatic compounds; 1810cm-1, carbonyl 

compounds; 2180cm-1, CO and 1600cm-1, aromatic compounds) were not changed with the 

addition of LDH-DBS and LDH-DBS@Ni(OH)2, accompanied by the different amounts. The 

main precursors of smoke included the phenol compounds, double-bond compounds and aromatic 

compounds, which were investigated in detail. 

 

Fig.4-47 FTIR spectra at maximum volatile release rate of (a) EP, (b) EP/3LDH-DBS and (c) 

EP/3LDH-DBS@Ni(OH)2 

 

Fig.4-48 Volatile evolution of (a) phenol compounds, (b) aromatic compounds and (c) 

double-bond compounds of EP, EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 

  In Fig.4-48, phenol compounds, aromatic compounds and double-bond compounds showed the 

similar trend. After the addition of 3wt% LDH-DBS into EP matrix, the peak release rate of 

phenol compounds, aromatic compounds and double-bond compounds were slightly reduced. The 

ultrafine Ni(OH)2 modification remarkably reduced the peak release rate of phenol compounds, 
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aromatic compounds and double-bond compounds compared with that of EP/3LDH-DBS. 

Furthermore, the integral size of phenol compounds, aromatic compounds and double-bond 

compounds illustrated the similar trend to that of peak release rate, which indicated the smoke 

precursors were decreased significantly with the ultrafine Ni(OH)2 modification. In addition to 

invariable-temperature, variable-temperature and vt-FTIR results, TG-FTIR and TG-GC-MS 

results were specifically studied to understand the interface-charring catalysis. 

The study in Fig.4-49 (a) illustrated that LDH-DBS did not change the ratio of aliphatic and 

aromatic compounds compared to that of neat EP. LDH-DBS@Ni(OH)2 notably decreased the 

ratio, which indicated the further conversion of aliphatic compounds to aromatic compounds. The 

ratio of integral value of aliphatic and aromatic compounds (Fig.4-49 (b)) also verified the 

conversion toward aromatic compounds. The preferential conversion toward polyaromatic 

compounds contributed to the formation of the protective char. The result was consistent with the 

Raman spectra and vt-FTIR results in terms of improving the polyaromatic degree. 

 

Fig.4-49 (a) Ratio of aliphatic and aromatic compounds; (b) Ratio of integral value of aliphatic 

and aromatic compounds in TG-FTIR 

TG-GC-MS result was illustrated in Fig.4-50. Fig.4-50 (a) and (e) disclosed that the main 

pyrolyzed products emerged at 15.7min, 20.6min, 25.5min, 29.5min and 35min. The mass spectra 

at 20.6min (Fig.4-50 (b)), 25.5min (Fig.4-50 (c)), 29.5min (Fig.4-50 (d)) and 35.0min (Fig.4-50 

(f)) showed that the more aromatic compounds with higher polyaromatic degree were formed after 

addition of LDH-DBS@Ni(OH)2, which was in agreement with the ratio of aliphatic and aromatic 

compounds. The reduction of phenol group disclosed in the GC spectra at 15.7min (Fig.4-50 (a)) 

was considered to be converted to compounds with the higher polyaromatic degree. In 

combination the fact that ultrafine Ni(OH)2 nanocatalyst was located between EP matrix and LDH 
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nanosheets, the compounds with the higher polyaromatic degree covered the dehydrated metal 

oxides with better protective performance. The interfacial catalysis played an important role in 

contributing to the formation of the intumescent char with the higher quality. 

 

Fig.4-50 (a) GC spectra of EP and EP/3LDH-DBS@Ni(OH)2; mass spectra at (b) 20.6dmin, (c) 

25.5min and (d) 29.5min; (e) GC spectra of EP and EP/10LDH-DBS@Ni(OH)2; (f) mass spectra 

at 35min 

Vapor-phase mechanism 

The soot (intermediate smoke) was collected and measured in terms of its thermal-oxidation 

behavior (Fig.4-51). The addition of 3wt% LDH-DBS and LDH-DBS@Ni(OH)2 did not notably 

change the initial thermal-oxidation stability (T5wt%) of EP soot (Fig.4-51 (a)). The investigation 

(Fig.4-51 (b)) illuminated that soot of EP/6LDH-DBS possessed lower temperature at maximum 

thermal-oxidation rate (Tmax, 608oC) than 620oC of EP soot. The Ni(OH)2 incorporation of 

LDH-DBS decreased the temperature at maximum thermal-oxidation rate by 8oC relative to that of 

soot of EP/6LDH-DBS. The reduction of the Tmax value was due to the alteration of the soot 

composition with higher-degree aromatic degree. At the combustion temperature of roughly 550oC, 

less soot of EP/6LDH-DBS was combusted compared to EP soot. Comparatively, less soot of 

EP/6LDH-DBS@Ni(OH)2 was combusted. The difference of EP, EP/6LDH-DBS and 

EP/6LDH-DBS@Ni(OH)2 was not pronounced, which determined that the vapor-phase 

mechanism was not dominant.  
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Fig.4-51 (a) TG and (b) DTG curves of soot from EP, EP/3LDH-DBS and 

EP/3LDH-DBS@Ni(OH)2 

Smoke-suppression mechanism 

In combination of the condensed-phase and vapor-phase analysis, the smoke-suppression 

mechanism was found to be merely associated with condensed-phase mechanism. In the 

macroscopic scale, the incorporation of LDH-DBS generated the intumescent chars, which 

inhibited the production of smoke precursors. The interfacial modification of Ni(OH)2 optimized 

the pore structure of intumescent chars, which possessed the better barrier effect against smoke 

precursors. The intumescent charring process followed the basic procedures of drum-like char and 

subsequent thermal degradation of underlying polymers. In the microscopic scale, the intercalated 

dispersion of LDH-DBS nanosheets played a role in the formation of intumescent chars. The 

incorporation of Ni(OH)2 slightly promoted the dispersion of LDH-DBS nanosheets in EP matrix. 

In terms of the chemical aspect, the addition of LDH-DBS did not induce the notable polyaromatic 

degree, conversely giving rise to promoted degradation reaction. The incorporation of Ni(OH)2 

strongly induced the interfacial catalysis of Ni-nanocatalyst towards polyaromatic charring 

reaction. As a result, the microscopic morphology of the interior and exterior surface was 

improved toward the higher quality. The detailed process about interface-charring catalysis was as 

following: The relatively higher temperature pushed the thermal degradation of EP matrix 

(Scheme 4-5 (a)), the dehydration of LDH nanosheets and Ni(OH)2. The resultant Ni nanocatalyst 

catalyzed the charring reaction of the decomposed products of EP (aromatic compounds) towards 

polyaromatic compounds at the interface (Scheme 4-5 (b)). Furthermore, the polyaromatic chars 

covered and wrapped the metal oxides, which was capable to reinforce the composite char 

(Scheme 4-6). The intumescent char was improved with higher integrity, which repeatedly 
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promoted the polyaromatic reaction and consumed the smoke precursors (aromatic compounds).  

In the molecular level, nickel nanocatalyst catalyzed the polyaromatic reaction via C-C coupling 

reaction. Resultantly, the smoke precursors (aromatic and double-bond compounds) were reduced 

due to the predominant barrier effect. Overall, the smoke-suppression behavior proceeded 

predominantly via the condensed-phase mechanism. 

 

Scheme 4-5 (a) Simplified thermal degradation route of EP and (b) proposed catalytic charring 

reaction at the interface 

 

Scheme 4-6 Condensed-phase mechanism based on interfacial catalysis for smoke suppression 

d) Fire retardancy of EP/LDH-DBS@Ni(OH)2 



CHAPTER 4 SMOKE SUPPRESSION VIA VAPOR AND CONDENSED-PHASE 
MECHANISM 

152 
 

The integral fire retardancy in the bench-mark scale was investigated via LOI, UL-94 vertical 

burning test and CCT. The integral fire retardancy was supposed to cover different heating 

intensity and heating mode. The power 50kW/m2 was selected as the typical heat flux. LOI test 

was performed at the relatively lower heat flux. UL-94 vertical burning test was carried out at 

slightly higher heat flux. 

LOI and UL-94 vertical burning test 

The LOI and UL-94 results were illustrated in Fig.4-52. The addition of LDH-NO3, LDH-DBS 

and LDH-DBS@Ni(OH)2 slightly increased LOI value of EP (23%) to 23.4%, 24.8% and 24.7% 

respectively. Self-assembly of ultrafine Ni(OH)2 on LDH-DBS did not change LOI value of 

EP/3LDH@DBS notably. In parallel, UL-94 test revealed that LDH-NO3 and LDH-DBS did not 

increase UL-94 rating of EP with the flame burning to clamp (BTC). In contrast, 

EP/3LDH-DBS@Ni(OH)2 possessed UL-94 V-0 rating with self-extinguishing behavior (inset 

table of Fig.4-52 (a) and Fig.4-52 (b-h)), which indicated that LDH-DBS@Ni(OH)2 suppressed 

fire hazard of EP significantly. To our knowledge, it was the first report involved in the 3wt% 

fraction nanofiller-type fire retardant to achieve UL-94 V-0 of EP. 

 

Fig.4-52 (a) LOI value and UL-94 ratings with inset flaming time; (b), (c), (d) digital images at 

different combustion time of EP after first 10s flaming; (e), (f) digital images of 

EP/3LDH-DBS@Ni(OH)2 after first 10s flaming; (e), (f) digital images of 

EP/3LDH-DBS@Ni(OH)2 after second 10s flaming 

Cone calorimeter test (CCT) 

In Fig.4-53 (a), the addition of LDH-NO3, LDH-DBS and LDH-DBS@Ni(OH)2 decreased peak 

heat release rate (pHRR) of EP by 21.1%, 46.8% and 60.6% respectively, which demonstrated that 
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the fire safety of EP was remarkably increased with LDH-DBS@Ni(OH)2. In comparison to 

EP/3LDH-DBS, EP/LDH-DBS@Ni(OH)2 showed 29.4% reduction of pHRR. Similarly, total heat 

release (THR) at 200s were reduced by 65.4% after incorporation of LDH-DBS@Ni(OH)2 

(Fig.4-53 (b)). Meanwhile, average mass loss rate (AMLR) that reflected integral fire intensity 

and fire growth index (FIGRA) that indicated fire spreading profile were respectively reduced by 

52.7% and 82.9% with addition of LDH-DBS@Ni(OH)2 (Fig 4-53 (d) and Table 4-4). The study 

of the ratio of COP and CO2P (Fig.4-53 (c)) illuminated Ni(OH)2 self-assembly on LDH-DBS 

significantly suppressed CO production relative to CO2 production. 

 

Fig.4-53 (a) HRR, (b) THR, (c) ratio of COP and CO2P and (d) weight profiles of EP and EP 

nanocomposites at 50kW/m2 

Fire-retardant mechanism 

Fire-retardant mechanism was analyzed via vapor-phase and condensed-phase behavior. 3wt% 

LDH-DBS@Ni(OH)2 did not change the av-EHC value of EP due to low loading. The 

condensed-phase mechanism was associated with the improved intumescent char after ultrafine 

Ni(OH)2 engineering. The analysis of the formation of higher-quality intumescent char was 

identical to condensed-phase smoke-suppression mechanism (Scheme 4-6). The difference was 

that the flammable gases to fuel the combustion were the aliphatic-based compounds. The 
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precursor of smoke was aromatic-based compounds. Herein, at molecular level the ultrafine 

Ni(OH)2 modification contributed to the conversion of aliphatic to aromatic compounds, resulting 

in less flammable gases. Notably, the interfacial catalysis toward higher-quality char accounted for 

the fire retardancy (Scheme 4-5). 

e) Dynamic mechanical behavior of EP/LDH-DBS@Ni(OH)2 

The dynamic mechanical behavior was investigated via DMA (Fig.4-54). The addition of 3wt% 

LDH-NO3 enhanced the storage modulus (G’) to 2090±90 MPa from 1697±63 MPa of pristine EP. 

The glass transition temperature (Tg) was slightly increased to 204oC from 201oC. Compared with 

EP/3LDH-NO3, EP/3LDH-DBS presented the nearly invariable G’ of 2061±63 MPa but increased 

Tg value to 208oC, which illustrated that the motion of EP chain was restricted due to the better 

intercalation structure of LDH-DBS nanosheets. In parallel, the incorporation of ultrafine Ni(OH)2 

on LDH-DBS nanosheets further improved Tg value of EP to 216oC with nearly unchanged G’ of 

2040±78 MPa. The notable improvement (15oC) of Tg relative to neat EP matrix was critical to 

heat-resistant behavior [355]. Meanwhile, the enhancement of Tg in comparison to EP/LDH-DBS 

illuminated further confined motion of EP chain due to the relatively improved dispersion of 

nanosheets. To be concluded, the addition of 3wt% LDH-DBS@Ni(OH)2 effectively increased the 

storage modulus and glass transition temperature of EP matrix due to the better intercalation 

dispersion. 

 

Fig.4-54 Storage modulus and tan delta of EP, EP/3LDH-DBS and EP/3LDH-DBS@Ni(OH)2 in 

dynamic mechanical analysis 
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CHAPTER 5 

5 Rational design of ignition-delayed and smoke-suppression system 
 

“Ignorance, the root and stem of all evil” 

-Plato 

5.1 Introduction 

The work in this section was focused on the combination of ignition delaying and suppressed 

smoke into one system with HRR value remained or reduced. Actually, ferrocene-filled PS showed 

the combination of ignition delaying and suppressed smoke with HRR value slightly increased. 

However, the rational design of ignition-delayed and smoke-suppressed nanocomposite was in 

great need. According to the aforementioned strategies to delaying ignition, the increase of thermal 

inertia (ρck) for thermally-thick sample and (ρc) for thermally-thin sample provided the solution to 

delaying ignition. The enhancement of the initial thermal and thermal-oxidation stability also 

offered the alternative solution by means of decreasing volatile release. In terms of smoke 

suppression, the condensed-phase mechanism toward higher-quality char and vapor-phase 

mechanism toward lower thermal-oxidation stability of soot offered solutions for smoke 

suppression. Herein, the increment of thermal inertia and condensed-phase smoke-suppression 

mechanism were pursued to impart targeted polymer with simultaneous smoke suppression and 

ignition delaying. The nanocomposite technique was adopted. Epoxy resin (EP) was chosen as the 

model polymer in consideration of the excellent charring capacity. 

Analogous to 2D graphene nanoplatelets with carbon atom linked via sp2 hybridization, boron 

nitride nanosheets showed lamellar structure with an equal quantity of boron and nitrogen atoms 

connected via sp3 hybridization. Resultantly, EP nanocomposite with boron nitride nanosheets was 

certified to improve fire safety with delayed ignition time (tig), reduced heat release and smoke 

production due to its high thermal conductivity and lamellar structure [235]. Compared with other 

nanofillers, boron nitride nanosheets presented the superiority in simultaneously delaying ignition 

and reducing heat release. In order to improve the smoke-suppression and fire-retardant efficiency 

and sysmatically investigate the effect of different factors on ignition behavior, the inorganic 
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interfacial modification on boron nitride nanosheets was adopted [234]. However, the direct in-situ 

growth of inorganic nanoparticles on boron nitride nanosheets encountered the difficulty owing to 

lacking of essential active sites. Fortunately, the dopamine chemistry presented the strong 

bio-adhesion toward inert surface with polydopamine (PDA) as the bridging nano-layer. The result 

was the inhibition of aggregation of boron nitride nanosheets in polymer matrix, favoring the 

integral property. PDA facilitated the homogeneous growth of inorganic nanomaterials due to the 

intensive coordination interaction. Iron-derived nanoparticles (Fe) were regarded as excellent 

charring catalyst toward EP in consideration of intensive Lewis acidic sites. It was feasible that 

fire safety (heat release, smoke production and ignition) was profited after the incorporation of Fe 

on boron nitride surface, which synergistically combined the prominent barrier and high thermal 

conductivity of boron nitride and the catalytic charring capacity of Fe nanocatalyst. Meanwhile, 

the thermal exfoliation of boron nitride nanosheets was evidenced to possess more active sites and 

favor the dispersion in EP matrix. The thermally exfoliated boron nitride will act as the substrate 

for sequential functionalization rather than pristine boron nitride. 

Exceptionally, the sequential functionalization of thermally exfoliated boron nitride nanosheets 

with PDA and Fe generated the alteration of parameters including thermal conductivity (k), 

specific heat of capacity (c) and thermal-oxidation stability, which were the key factors to 

influence ignition. The numerical simulation method of simplified 1D thermal conduction model 

was adopted to simulate the sample temperature at different downward thicknesses and times. The 

temperature at different thickness and times were acquired to approximately calculate pyrolysis 

depth along the downward thickness. Similar to the analysis process in PS/Ferrocene, 

PS/2SBA-15@Co3O4 and PLA/5HNT@MAH@DOPO, physical aspects and chemical aspects 

were separately studied. The numerical simulation was executed based on the mere physical 

consideration. The chemical reaction-inducing change of Tig was investigated via the analysis of 

composition and concentration of volatiles. The pyrolysis depth of bulk sample connected physical 

and chemical factors together. The comprehensive effect of physical and chemical was reflected 

on the real temperature curve of top surface. In combination of experimental and numerical results, 

the effect of k, c and thermal-oxidation degradation on ignition was studied. The effect of 

iron-derived nanocatalyst (Fe) on suppressing smoke was investigated. Apart from it, the 

condensed-phase and vapor-phase smoke-suppression mechanism was considered. Particularly, the 
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interfacial catalysis of Fe nanocatalyst toward polyaromatic reaction was stressed in constructing 

structurally robust protective chars, which restricted the smoke production. 

5.2 Preparation and characterization of targeted nanohybrid 

5.2.1 Preparation of BN@PDA@Fe 

Thermal exfoliation of h-BN and its PDA functionalization 

In the typical procedure, thermally exfoliated boron nitride nanosheets (BN) were obtained after 

the treatment of h-BN powder at 1000oC in tubular furnace under air atmosphere [356]. 

Subsequently, 10g h-BN nanosheet was charged into 1L three-neck flask with 800mL buffer 

solution. The ultrasonication treatment was applied for 30min prior to the addition of 2g DA·HCl 

with vigorous stirring. The encapsulation and polymerization process occurred with colour turning 

black (Scheme 5-1). After the reaction for 24h, the products (BN@PDA) were collected after 

vacuum filtration, washing with deionized water and drying overnight. 

 

Scheme 5-1 Preparation process of BN@PDA and BN@PDA@Fe 

In-situ growth of Fe nanocatalyst on BN@PDA (BN@PDA@Fe) 

10g BN@PDA was dispersed into 350mL deionized water prior to the ultrasonication for 30min. 

Subsequently, the addition of 2g FeCl3 was carried out with vigorous stirring. In order to guarantee 

the coordination of Fe3+ and PDA molecules, the reaction persisted for 3h, followed by the 

drop-wise addition of NaBH4 solution (1g NaBH4 and 50mL water). During the slow dripping, the 

bubbles were generated, which inferred the reduction of Fe3+. After additional 30min reaction, the 
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materials were filtrated and washed with deionized water for several times. Finally, the product 

was obtained after vacuum drying overnight and labelled as BN@PDA@Fe. The procedure was 

illustrated in Scheme 5-1. 

5.2.2 Characterization of BN@PDA@Fe 

Raman and XRD spectra 

Raman and XRD spectra were illustrated in Fig.5-1. In terms of BN in Fig.5-1 (a), one peak at 

1366cm-1 was detected and assigned to E2g tangential mode. The PDA modification on BN 

surfaces generated an additional peak at 1606cm-1, which was attributed to catechol structure of 

PDA [357]. Actually, the catechol structure was apt to form the π-π interaction with six-member 

ring structure of BN, which favoured adhesion and encapsulation. The polar and hydrophilic 

groups (-OH) in activated BN facilitated the adhesion via hydrogen-bond interplay. However, the 

invariable location of E2g tangential mode with PDA functionalization illuminated that the π-π 

interaction was relatively weak. In parallel, the incorporation of Fe did not remarkably change the 

specific locations of BN and PDA but generated an additional peak at 1555cm-1. The new peak 

was originated from partial shift of catechol vibration due to the coordination effect between Fe 

and PDA. The coordination effect facilitated the vibration shift toward low-energy state.  

  XRD pattern (Fig.5-1 (b)) of BN exhibited the peaks at 26.4o, 27.2o, 41.2o, 43.5o, 49.6o and 

54.6o, which were assigned to the crystal faces of (002), (010), (100), (101), (102) and (004) 

respectively. Additionally, compared to the pristine BN, the new peak emerged at 27.2o from (010) 

reflection of B(OH)3 due to the high-temperature thermal exfoliation. The peak presence of 

lamellar structure evidenced the partial rather than complete exfoliation. After PDA encapsulation, 

all the peaks of BN persisted with the exception of B(OH)3 reflection [235]. The possible cause for 

disappearance of B(OH)3 reflection was due to the compression-derived shrinkage from 

encapsulation. In parallel, the Fe growth on BN@PDA gave rise to additional peaks at 36.5o, 45.6o 

and 53.1o, which were corresponding to γ-Fe2O3 Fe0 and γ-FeOOH respectively with the dominant 

composition of γ-Fe2O3. After the reduction of Fe3+, Fe0 was instantly generated prior to oxidation 

to γ-FeOOH and dehydration to γ-Fe2O3. Therefore, the iron-derived catalyst was the mixture of 

major γ-Fe2O3 and minor γ-FeOOH and Fe0. 
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Fig.5-1 (a) Raman Spectra and (b) XRD spectra of BN, BN@PDA and BN@PDA@Fe 

XPS spectra 

Aiming to further confirm the composition of BN@PDA@Fe, XPS measurement was performed 

and showed in Fig.5-2. In Fig.5-2 (a), the full XPS spectra illustrated the inclusion of B, N, C, Fe 

and O in BN@PDA@Fe. O1s peak fitting in Fig.5-2 (b) displayed the C=O and C-O bands at 

331.5eV and 332.5eV separately, which were attributed to catholic structure. In parallel, N1s 

fitting results in Fig.5-2 (c) manifested the presence of different N sources of BN and PDA. 

Importantly, Fe2p spectra certified the presence of zero-valent iron at 706.5eV and γ-Fe2O3 

(Fe2p3/2 at 712.2eV and Fe2p1/2 at 725.8eV) [358]. 

 

Fig.5-2 (a) Full XPS spectra; (b) O1s spectra; (c) N1s spectra and (d) Fe2p spectra of 

BN@PDA@Fe 
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TEM and EDS analysis 

SEM, TEM and EDS mapping were displayed in Fig.5-3. In SEM images (Fig.5-3 (a) and (c)), the 

bio-inspired engineering of PDA on BN did not influence the morphology. In contrast, the 

incorporation of Fe nanocatalyst generated slight alteration with stretched nanosheet (red circles in 

Fig.5-3 (e)). In TEM images (Fig.5-3 (b)), BN possessed typically lamellar structure with lateral 

size in micron-scale and thickness in nano-scale. The analysis of BN edge in Fig.5-3 (b) 

demonstrated the ordered stacked structure with few layers (selected area electron diffraction 

(SAED) in inset Fig.5-3 (b)), which reflected the limited exfoliation in combination of the 

single-sheet observation in Fig.5-3 (g). Meanwhile, the high angle angular dark field (HAADF) 

image with B and N mapping (Fig.5-3 (h)) and O mapping (Fig.5-3 (i)) acquired the consistent 

results with XPS results. In parallel, PDA encapsulation of BN (Fig.5-3 (d) and (j)) generated 

obscure edge without any change in SEAD patterns (inset in Fig.5-3 (d)). In contrast, in Fig.5-3 (f) 

and (k), Fe nanocatalyst in the strip shape was successfully in-situ grown on BN@PDA, which 

was demonstrated SEAD patterns (inset in Fig.5-3 (f)). Higher magnification image (Fig.5-3 (l)) 

demonstrated that Fe0 nanoparticles ((110), 0.21nm) were surrounded by γ-Fe2O3. 

 

Fig.5-3 SEM images of (a) BN, (c) BN@PDA and (e) BN@PDA@Fe; TEM images with inset 

(SAED) of (b) BN, (d) BN@PDA and (f, l) BN@PDA@Fe; (g) high angle angular dark field 

(HAADF) with (h) B and N mapping and (i) O mapping of thermally exfoliated BN; (j) HAADF 
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of BN@PDA; (k) Fe mapping of BN@PDA@Fe 

5.2.3 Preparation of composites 

EP nanocomposites with the fraction of 6wt% BN, BN@PDA and BN@PDA@Fe were 

respectively prepared. In the typical procedure, EP monomer was mixed with nanofillers at 60oC 

to acquire the preliminary dispersion. Subsequently, the triple-milling treatment was applied to 

generate the better nano-dispersion under the strong shear. With vigorous stirring, the curing agent 

DETA with stoichiometric amount was added to mixture, after which the degas treatment was 

executed using the ultrasonication for 5min. The degassed mixture was then casted into the silicon 

mold prior to the static curing process for 24h at ambient temperature. After the ambient curing, 

the resultant samples were transferred for heated curing at 120oC for additional 2h. In parallel, the 

neat EP was fabricated via the identical step. 

5.2.4 Dispersion of nanofillers in EP matrix 

XRD pattern 

EP, EP/6BN and EP/6BN@PDA@Fe were selected for bulk XRD test (Fig.5-4) in consideration 

of the similar blending property of BN@PDA and BN@PDA@Fe. The drum peaks emerged at 

around 18.5o and 41.2o, which were characteristic of EP matrix. After the addition of BN and 

BN@PDA@Fe, the drum peaks retained. Additionally, BN and BN@PDA@Fe brought extra 

peaks located at 26.4o, which was assigned to (002) crystal face of BN. The invariable location of 

(002) reflection demonstrated that the lamellar BN nanosheets were not intercalated or exfoliated 

during processing and curing process, which was consistent with limited thermal exfoliation in 

XRD (Fig.5-1 (b)) and TEM image (inset in Fig.5-3 (f)). 

 

Fig.5-4 XRD patterns of EP, EP/6BN and EP/6BN@PDA@Fe 
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SEM observation 

The dispersion state of nanofillers in EP matrix was further investigated by SEM. EP possessed 

relatively smooth fractured surface (Fig.5-5 (a)). In comparison, the addition of BN generated 

notable wrinkled surface with the aggregates of BN, which were confirmed by B mapping (inset in 

Fig.5-5 (b)). In parallel, the PDA modification of BN generated slightly more wrinkled surface 

with better BN nano-dispersion (marked with arrays) (Fig.5-5 (c)). Furthermore, 

EP/6BN@PDA@Fe possessed even more wrinkled surface than that of EP/6BN@PDA with more 

uniform nano-dispersion in EP matrix (marked with arrays). In combination with XRD result, BN, 

BN@PDA and BN@PDA@Fe demonstrated nano-dispersion state with BN@PDA@Fe more 

homogeneous in EP matrix (Fig.5-5 (e) and (f)). 

 

Fig.5-5 Cyro-fractured surface of (a) EP, (b) EP/6BN with inset EDS spectra and B mapping of 

selected area, (c) EP/6BN@PDA with inset B mapping of selected area and (d) 

EP/6BN@PDA@Fe; schematic illustration of (e) EP/6BN and (f) EP/6BN@PDA@Fe 

5.3 Property and mechanism of EP/BN@PDA@Fe 

5.3.1 Ignition behavior of EP/BN@PDA@Fe 

The tig value was recorded via visualization，heat release rate (HRR) and mass profile in Fig.5-6. 

Heat flux of 35kW/m2 was selected on behaves of low and high heat flux based on the relationship 

of tig and imposed heat flux Qex ( 0.5
igt exQ  ). The tig value from three assessments showed a 

similar trend with visualization eventually employed to acquire tig. Compared with neat EP (tig, 

80±3s), the addition of 6wt% BN notably increased the tig value to 102±3s. The PDA modification 
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on BN slightly reduced the tig value to 98±3s. In contrast, the successive modification of PDA and 

Fe nanocatalyst further lowered the tig value to 89±1s. However, EP/6BN. EP/6BN@PDA and 

EP/6BN@PDA@Fe possessed the delayed tig value relative to that of neat EP. Next work was to 

investigate the causes that resulted in the change of tig value via experimental and numerical 

approaches. 

 

Fig.5-6 (a) Visualization assessment of tig, (b) HRR profile and (c) mass profile around ignition 

5.3.2 Ignition mechanism of EP/BN@PDA@Fe 

It was noted that the ignition time was determined by two processes (temperature-rising process 

and ignition temperature) from the surface temperature curve. In order to clearly study ignition, 

physical and chemical factors were separately studied. Thermal decomposition-related chemical 

reaction influenced aforementioned two processes (temperature-rising process and ignition 

temperature), which resulted in the change of temperature-rising rate particularly after 

thermal-oxidation degradation stage. The thermal-oxidation degradation-inducing change of Tig 

was investigated via the analysis of composition and concentration of volatiles. Physical factors 

(density ρ, specific heat of capacity c, thermal conductivity k) merely affected the 

temperature-rising process. In order to verify the effect of physical factors on temperature-rising 

rate and decouple the chemical factors from physical factors, the numerical simulation was 

executed based on the mere physical consideration. The comprehensive effect of physical and 

chemical factors was reflected on the real temperature curve of top surface. The comparison of 

real and simulated temperature curve illuminated the effect of various factors (physical and 

chemical factors) on ignition. 

Numerical simulation 

The temperature simulation was performed using finite element with the simple one dimensional 

(1D) conductive equation (Scheme 5-2) [176]. The basic assumption was made. The change of 
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physical parameters (ρ, c, k) due to the chemical reaction was not considered. The heat from the 

thermal-oxidation degradation was regarded as zero due to the relatively low value. In terms of 

thermosetting EP matrix, the generation of bubbles and the mass exchange between different thick 

layers were neglected (Fig.5-7). During the heating, the heat loss from thermal conductivity, 

thermal convection and black-body radiation and spectroscopic adsorption of heat from volatile 

were considered. Temperature-dependent thermal conductivity (k) and specific heat of capacity (c) 

were acquired based on the linear correlation with those at ambient temperature according to the 

previous models [359-362]. The spectroscopic adsorption of heat from volatiles was taken into 

account with the heat attenuation complying with the reported rule after the sample started to 

thermally degrade [163, 168, 172]. In detail, 1D conductive equation governed the heat behavior 

(Equation (5-1)) due to the similarity to heating of solid bulk. 

T Tc k
t x x


   

  
   

                           (5-1) 

The entire heating process was divided to two parts, i.e. from ambient temperature to 

thermal-oxidation degradation and from thermal-oxidation degradation to ignition temperature. 

The boundary conditions are respectively: 

After heating: T=T0, t=0, 

Top surface: 

0

(1 ) ex
x
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x 
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0 exp( )exbQ   

Where ρ, To, T5wt%, lo, Qex, td, β, β0, b, h, ε, σ and r were respectively sample density, ambient 

temperature (298K), temperature at 5% mass loss (607K for EP, EP/6BN and EP/6BN@PDA; 

604K for EP/6BN@PDA@Fe, Fig.5-8 and Table 5-1), sample thickness, external radiation power, 
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time to T5wt%, attenuation factor, initial attenuation factor (0.0025), attenuation coefficient (0.1), 

convection heat conductive coefficient (23), Stefan–Boltzmann radiation constant, emissivity (0.9) 

and heat radiaiton loss (0.05). In addition, the thermal conducitity and specific heat of capacity 

were treated as the linear dependence to temperature as k0+4.405×10-4(T-T0) and c0+4.1×10-3(T-T0) 

respectively in terms of the four samples (k0 and c0 thermal conductivity and specific heat of 

capacity at ambient temperature) . 

 
Scheme 5-2 1D thermally-conductive model based on up-to-down microelement 

 

Fig.5-7 Digital images at the ignition moment of (a) EP, (b) EP/6BN, (c) EP/6BN@PDA and (d) 

EP/6BN@PDA@Fe 

Chemical factors 

Volatile concentration and composition 
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Thermal-oxidation degradation at high heating rate was closely correlated to thermal-oxidation 

behavior in CCT prior to ignition. The heating rate in combustion zone of CCT at 35kW/m2 was 

reported to reach roughly 150oC/min [174]. It was not completely precise but acceptable to 

qualitatively employ thermal-oxidation degradation in TG at heating rate of 10oC/min to 

qualitatively simulate realistic thermal-oxidation degradation in CCT prior to ignition in Fig.5-8 

and Table 5-1. 

 

Fig.5-8 (a) TG and (b) DTG curves of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe at 

10oC/min 

Table 5-1 TG result of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

 T5wt%(oC) CY at Tig 

EP 334 76 

EP/6BN 334 76 

EP/6BN@PDA 334 82 

EP/6BN@PDA@Fe 330 72 

Tig: Temperature at ignition   T5wt%: Temperature at 5% mass loss   CY: char yield  

It was noted that the degradation behavior in CCT prior to ignition did not totally belong to 

thermal-oxidation degradation. During heating, the underlying EP matrix actually was insulated 

from air because of the bulk geometry and thermosetting feature of EP specimen (without 

movement upward and downward of polymer melts). Hence, the thermal degradation prior to 

ignition was the combination of thermal and thermal-oxidation degradation. In order to clarify 

volatile species and their profiles, TG-FTIR at N2 atmosphere was performed in Fig.5-9. FTIR 

spectra of EP and EP nanocomposites presented the similar changing trend along time, which 

illustrated the unchanged degradation route after the addition of BN, BN@PDA and 
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BN@PDA@Fe. In Fig.5-10, the volatiles predominantly contained aliphatic (2972cm-1), aromatic 

(1600cm-1), carbonyl (1730cm-1), double-bond (3034cm-1) and phenol compounds (3644cm-1). 

The addition of BN, BN@PDA and BN@PDA@Fe did not change the volatile species but 

changed the release amount.  

 

Fig.5-9 3D diagram in TG-FTIR of (a) EP, (b) EP/6BN, (c) EP/6BN@PDA and (d) 

EP/6BN@PDA@Fe 

 

Fig.5-10 FTIR spectra at maximum degradation rate of EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe 

The corresponding volatile profiles were specialized in Fig.5-11 and Fig.5-12. Taking the 

overlapping part of these compounds into account, we defined the flammable gases as the 

combination of aromatic and aliphatic compounds. Herein, phenol, double-bond and carbonyl 

compounds played a relatively less important role in the composition and concentration of 

volatiles compared with aromatic and aliphatic compounds. The addition of BN into EP matrix 
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nearly kept constant the amount of aromatic compounds and aliphatic compounds before Tig (Tig 

had the corresponding time of ca. 42min in TG-FTIR at 352 oC and 355oC). Resultantly, the 

amount ratio of aliphatic and aromatic compounds of EP and EP/6BN (Fig.5-11 (c)) remained 

unchanged, which indicated the similar tendency of ignitability due to the unchanged C/H ratio. In 

combination of the nearly identical amount of aliphatic and aromatic compounds and their 

unchanged amount ratio, it was inferred that the ignitability of volatiles remained unchanged after 

the addition of BN. In parallel, the PDA modification of BN remarkably decreased the release of 

aliphatic and aromatic compounds compared with EP/6BN due to the promoted barrier effect from 

more uniform dispersion of nanofillers. The amount ratio of aliphatic and aromatic compounds 

revealed the reduced value, which indicated the higher C/H value. The amount of aliphatic and 

aromatic compounds and their ratio illustrated the notably reduced ignitability. 

 

Fig.5-11 Integral curves of intensity versus time of (a) aromatic and (b) aliphatic compounds; (c) 

the integral amount ratio of aliphatic to aromatic compounds of EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe 

In contrast, the incorporation of Fe nanocatalyst remarkably increased the more release of 

aromatic and aliphatic compounds compared with those of EP/6BN@PDA before Tig, which 
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indicated that Fe nanocatalyst promoted the generation of more flammable gases. The amount 

ratio of aliphatic and aromatic compounds disclosed that the incorporation of Fe nanocatalyst 

promoted the polyaromatic reaction toward the much higher C/H. The increased amount of 

aromatic and aliphatic and the higher C/H contradictorily resulted in higher ignitability of volatiles 

from EP/6BN@PDA@Fe relative to EP/6BN@PDA. In this case, the comparison of EP and 

EP/6BN@PDA@Fe showed that EP/6BN@PDA@Fe release more aromatic compounds without 

notable change of aliphatic compounds. Even though the higher C/H ratio existed due to the 

increased amount ratio of aromatic to aliphatic compounds, the increased release of aromatic 

compounds resulted in the more tendency of ignitability. Hence, according to the amount of 

aromatic and aliphatic compounds and the amount ratio of them revealed the trend of ignitability 

of the volatiles from the sample: EP/6BN@PDA@Fe=EP>EP/6BN>EP/6BN@PDA. However, 

the isolated analysis of the amount ratio illuminated the trend of ignitability of the mixed 

flammable gas: EP=EP/6BN>EP/6BN@PDA>EP/6BN@PDA@Fe. The analysis result of 

ignitability was roughly consistent with the thermal-oxidation degradation result in Fig.5-8 and 

Table 5-1. 

 

Fig.5-12 Integral curves of intensity of (a) phenol, (b) double-bond and (c) carbonyl compounds 

of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe in TG-FTIR test 
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Physical factors 

The experimental and simulated temperature profile on top surface was exhibited in Fig.5-13 and 

Fig.5-14. On the top surface, EP and EP nanocomposites exhibited continuous temperature-rising 

process with early and late stage at relatively higher and lower heating rate (Fig.5-13 (a) and 

Fig.5-14), which reflected the great impact of heat dissipation at relatively high temperature. The 

comparison in Fig.5-13 (b) revealed that the temperature-rising rate of EP/6BN was much lower 

than that of EP, which was due to the remarkably enhanced thermal conductivity (k) and specific 

heat of capacity (c) (Table 5-2). Herein, k and c were respectively linearly correlated to k0 and c0 

values. Resultantly, the enhanced k was capable of conducting away the external heat more 

quickly and the slightly increased c value enabled to result in the slower temperature-rising rate. 

 

Fig.5-13 (a) Temperature profile of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe; 

comparison of (b) EP and EP/6BN, (c) EP/6BN and EP/6BN@PDA and (d) EP/6BN@PDA@Fe 

In parallel, the comparison in Fig.5-13 (c) demonstrated that the PDA modification incited 

nearly no change of the temperature profile at the early stage. The result was certified by the 

combination of increased k (induced by more homogeneous dispersion of nanofillers) and 

decreased c (Table 5-2). The increased k favored the dissipation of heat on the top surface and the 

remarkably decreased c benefited the rapid temperature-rising process, which reflected the similar 
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importance of k and c in temperature-rising process. At the late stage, the temperature of 

EP/6BN@PDA increased slightly more quickly than that of EP/6BN, which determined the lower 

tig, which was probably due to the different dependence of kc on temperature for both cases. The 

small difference at the late stage of surface temperature curves and resultant tiny alternation of tig 

reflected the neglectable impact of physical reaction at the late stage on the ignition behavior. 

  The comparison in Fig.5-13 (d) illustrated that EP/6BN@PDA@Fe possessed slightly higher 

temperature-rising rate relative to EP/6BN@PDA at the late stage due to the reduced kc. 

Particularly, the temperature-rising rate above ca. 300oC turned slightly more remarkable, which 

was absent in the simulation (Fig.5-14). It was reasonable that the thermal-oxidation degradation 

played an important role at the period. However, the difference of surface temperature curves was 

adequately tiny to incite the alternation of tig. The combination of the comparative analysis 

between EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe demonstrated that the physical 

parameters (ρ, c and k) affected the heating process. The simulation result (Fig.5-14) presented the 

similar result that was in a good agreement with experimental results. The fitted results 

illuminated the key impact of physical factors in determining the ignition behavior. For simplicity, 

the sample of 4mm thickness was located between thermally thick and thermally thin sample with 

the preference of thermally thick sample [181]. According to rough Equation (1-10) under the 

circumstance of no chemical consideration, tig was determined by thermal inertia (kρc) with the 

invariable values of ρ, Tig, T0, Qex and Qcri in EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe. In consideration of unchanged ρ, the kc values became key factors with the 

value of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe as 0.455a.u, 0.659a.u, 0.511a.u and 

0.473.a.u respectively. The disclosed tendency from Equation (1-10) was in good agreement with 

the experimental tig value, which reflected the predominant physical factors to impact ignition. 
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Fig.5-14 Simulated surface temperature prior to ignition of EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe 

Table 5-2 Specific heat of capacity and thermal conductivity at ambient temperature 

 
Thermal conductivity 

(k0, W m-1 K-1) 

Specific heat of capacity 

(c0, J kg-1K-1) 

EP 0.261 1.361 

EP/6BN 0.290 1.524 

EP/6BN@PDA 0.335 1.156 

EP/6BN@PDA@Fe 0.339 1.050 

Pyrolysis depth to link physical and chemical factors 

In the realistic bulk sample, the pyrolyzed depth connected the physical and chemical aspects 

together. The different physical factors resulted in different pyrolyzed depth along the thickness, 

which further gave rise to different volatile concentration. The realistic ignitability of flammable 

gases above the samples should consider the pyrolyzed depth and the composition and 

concentration in TG-FTIR results. The pyrolyzed depth was analyzed via the simulated 

temperature at different layers. 

Finite element simulation offered the information of temperature at different layers (Fig.5-15 

and Table 5-3). The thermal-oxidation degradation temperature of EP, EP/6BN, EP/6BN@PDA 

and EP/6BN@PDA@Fe were 334oC, 334oC, 334oC and 330oC respectively. Clearly, the onset 

thermal-oxidation degradation temperature (T5wt%) values of EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe were located between 0mm and 0.5mm. The rough estimation of pyrolyzed 

thickness was determined by the temperature curves between 0mm and 0.5mm.The pyrolyzed 

depth of different samples at the ignition moment in Fig.5-15 illustrated the tendency of 



CHAPTER 5 RATIONAL DESIGN OF IGNITION-DELAYED AND SMOKE-SUPPRESSION 
SYSTEM 

173 
 

EP/6BN<EP=EP/6BN@PDA=EP/6BN@PDA@Fe. Therefore, the ignitability determined by 

pyrolyzed depth confirmed the tendency of EP/6BN<EP=EP/6BN@PDA=EP/6BN@PDA@Fe. 

Table 5-3 Temperature (oC) at different downward thickness (0mm, 0.5mm, 1mm, 1.5mm, 2mm, 

2.5mm, 3mm, 3.5mm, 4mm) at ignition moment of (a) EP, (b) EP/6BN, (c) EP/6BN@PDA and (d) 

EP/6BN@PDA@Fe 

 0mm 0.5mm 1mm 1.5mm 2mm 2.5mm 3mm 3.5mm 4mm 

EP 355 328 302 278 256 236 219 204 192 

EP/6BN 355 327 302 279 253 240 223 209 198 

EP/6BN@PDA 355 333 312 293 274 258 243 230 219 

EP/6BN@PDA@Fe 352 330 307 287 269 252 237 224 213 

 

Fig.5-15 Temperature curves at different downward thickness (0mm, 0.5mm, 1mm, 1.5mm, 2mm, 

2.5mm, 3mm, 3.5mm, 4mm) of (a) EP, (b) EP/6BN, (c) EP/6BN@PDA and 

(d)EP/6BN@PDA@Fe 

Integration of physical and chemical factors 

The physical and chemical factors were integrated into the real surface temperature curves. The 

physical factors included thermal conductivity and specific heat of capacity, which incited 

different heating rate of surface temperature. The chemical factors referred to the 
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thermal-oxidation degradation process, which included the composition and concentration of 

flammable gases. Meanwhile, the pyrolyzed depth, which was determined by the physical factors, 

played an important role in the flammable gases. In Table 5-4, in terms of delayed EP/6BN 

relative to EP, the impact factors of ignition time were pyrolyzed depth (shortening effect), thermal 

conductivity (delaying effect) and specific heat of capacity (delaying effect). According to three 

elements of combustion, flammable gases were supposed to be the important factor of Tig in 

condition that other environment conditions (e.g., oxygen, moisture, pressure) remained invariable 

[363]. The identical Tig value in Fig.5-13 disclosed the weak impact of flammable gases on 

ignition behavior, which demonstrated the predominant impact of physical factors (k and c). In 

terms of EP/6BN@PDA and EP/6BN, after the chemical modification of PDA, the chemical 

factors delayed the ignition with the predominant physical factors (k and c) shortening the ignition. 

Simultaneously, the equivalent effect of specific heat of capacity (c) to thermal conductivity (k) 

was revealed.  

In parallel, in terms of EP/6BN@PDA and EP/6BN@PDA@Fe, after the decoration of Fe, the 

chemical factors shortening tig and the physical factors (kc) slightly shortening tig. In combination 

of the heating rate at the late stage (Fig.5-13 (c)), the chemical and physical factors acted as the 

weak role in decreasing tig. Above all, in terms of chemical factors, the amount and concentration 

of flammable gases were more important than composition in determining ignition. Moreover, the 

physical factors played a more important role than chemical factors. 

Table 5-4 Integration of chemical and physical factors on ignition time 

 Chemical factors Physical factors 

 A B σ k c kc 

EP (reference) ¤ ¤ ¤ ¤ ¤ ¤ 

EP/6BN ¤ ¤ - + + +++ 

EP/6BN@PDA ++ + - ++ -- ++ 

EP/6BN@PDA@PDA -- +++ - ++ -- + 

A: concentration of flammable gases   B: composition of flammable gases   σ: pyrolyzed depth    k: thermal conductivity    

c: specific heat of capacity    kc: k multiplied by c   +: delaying effect    -: shortening effect   ¤: no change 

5.3.3 Smoke-suppression behavior of EP/BN@PDA@Fe 

Smoke-suppression data 
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The smoke production was illustrated in Fig.5-16 and Table 5-5. Herein, the peak smoke 

production rate (peak SPR) and total smoke production (TSP) at 350s reflected the maximum 

smoke hazard and accumulated smoke hazard respectively. In terms of neat EP, the peak SPR and 

TSP at 350s reached 0.194±0.020 m2/s and 21.5±0.9 m2 respectively. The addition of 6wt% BN 

imparted EP with decreased peak SPR (0.158±0.020 m2) and TSP at 350s (18.2±1.3 m2). In 

parallel, the PDA modification increased the peak SPR and TSP value at 350s to 0.225±0.03 m2/s 

and 22.4±1.4 m2, which evidenced the negative effect of PDA modification. In order to clarify the 

causes, the thermogravimetric (TG) analysis was performed to obtain the thermal stability of the 

residues. 

 

Fig.5-16 (a) SPR and (b) TSP curves of EP and EP nanocomposites 

Table 5-5 CCT data of EP and EP composites (35kW/m2) 

Sample 
Peak SPR 

(m2/s) 

pHRR 

(kW/m2) 

THR(MJ/m2) 

at 350s 

TSP (m2) 

at 350s 
AMLR(g/s) 

FIGRA 

(kW/(m2·s)) 

EP 0.194±0.02 1208±45 97.4±3.7 21.5±0.9 0.130±0.007 6.75 

EP/6BN 0.158±0.02 907±32 88.3±3.1 18.2±1.3 0.094±0.006 4.72 

EP/6BN@PDA 0.225±0.03 1158±39 106.7±4.2 22.4±1.4 0.131±0.006 7.65 

EP/6BN@PDA@Fe 0.148±0.02 738±27 83.2±2.5 14.5±0.5 0.085±0.003 4.59 

pHRR: Peak heat release rate   THR at 350s: Total heat release at 350s   TSP at 350s: Total smoke production at 350s    

AMLR: Average mass loss rate   FIRGA: Fire growth index   Peak SPR: Peak smoke production rate 

Actually, TG analysis (Fig.5-17 and Table 5-6) illuminated that the PDA modification of BN 

decreased the char yield at 650oC, which probably resulted in the structural damage of 

carbonaceous layers [364]. The decoration of iron-derived nanoparticles (Fe nanocatalyst) on 

BN@DPA nanosheets notably reduced the peak SPR and TSP at 350s by 24.6% and 28.6% 

respectively compared to that of neat EP. The enhancement of smoke-suppression behavior 

compared with that of EP/6BN@PDA was consistent with the char yield in TG analysis. 
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Fig.5-17 TG curves of EP and EP nanocomposites with the amplified part 

Table 5-6 TG result of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

 T5wt% (oC) T50wt% (oC) CY (%) at 650oC 

EP 336 373 10.7 

EP/6BN 336 375 18.3 

EP/6BN@PDA 335 377 16.7 

EP/6BN@PDA@Fe 328 363 19.8 

T5wt%: Temperature at 5% mass loss   T50wt%: Temperature at 50% mass loss   CY: char yield 

5.3.4 Smoke-suppression mechanism of EP/BN@PDA@Fe 

Similar to the aforementioned method, the smoke-suppression mechanism was discussed in terms 

of the condensed-phase and vapor-phase mechanism. The condensed-phase mechanism was 

associated with the formation of the protective carbonaceous layer with the direct consequence of 

the reduced volatile release. The vapor-phase mechanism was involved in the promoted 

combustion of smoke intermediates (soot). 

Condensed-phase mechanism-Carbonaceous layer analysis 

During combustion, EP generated a small amount of char with isolated and loose structure 

(Fig.5-18 (a1) and (a2)). The incorporation of BN resulted in larger amount of char with closer 

stacking and more compact structure (Fig.5-18 (b1) and (b2)). SEM image showed fluffy surface 

that contained the naked particles (Fig.5-19 (b)). After the PDA modification, the char possessed 

the hollows in the center with loosely stacked char pieces (Fig.5-18 (c1) and (c2)). SEM 

observation of the interior surface illustrated that naked BN particles partially merged into surface 

with unexpected generation of macroscopic holes (Fig.5-19 (c)). The probable cause was closely 

correlated to the deteriorated high-temperature stability in TG result (Fig.5-17 and Table 5-6). It 
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was reasonable that compared to EP/6BN, the char from EP/6BN@PDA generated less protection 

towards the underlying unpyrolyzed EP.  

 

Fig.5-18 Digital images of (a1) side and (a2) top views of EP, (b1) side and (b2) top views of 

EP/6BN, (c1) side and (c2) top views of EP/6BN@PDA and (d1) side and (d2) top views of 

EP/6BN@PDA@Fe 

In contrast, the incorporation of Fe nanocatalyst on BN@PDA gave rise to continuous and 

compact char structure with less fracture, which was regarded as the excellent carbonaceous layer 

structure (Fig.5-18 (d1) and (d2)). SEM analysis (Fig.5-19 (d)) revealed that even though the 

holes were maintained, the naked BN nanosheets (characterized by XRD in Fig.5-20 (a)) were 

almost embedded into char with generation of smoother and stronger interior surface. The detected 

fluffy char structure (Fig.5-19 (d)), probably from the catalytic charring of Fe nanocatalyst, was 

considered to favor the strengthening of the char structure. The improved solid char structure 

compensated the impact of the holes. The deep analysis at the molecule scale was put forward 

about the interfacial catalysis of Fe. The heating process promoted the thermal degradation of EP 
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matrix and PDA molecule toward the small-molecule products (i.e., aliphatic compounds and 

aromatic compounds). Furthermore, the catalytic charring reaction of small-molecule products by 

Fe nanocatalyst occurred toward higher polyaromatic degree, which was evidenced by the 

decreased ratio of aliphatic to aromatic compounds in TG-FTIR (Fig.5-20 (b)). The primary char 

with higher polyaromatic degree resultantly surrounded the BN nanosheets, which reinforced the 

composite char. The catalytic charring reaction of Fe nanocatalyst was proposed to be originated 

from the C-C coupling reaction. 

 

Fig.5-19 SEM images of interior surface with inset high-magnification images of (a) EP, (b) 

EP/6BN, (c) EP/6BN@PDA and (d) EP/6BN@PDA@Fe 

 

Fig.5-20 (a) XRD pattern of the obtained char after CCT; (b) the amount ratio of aliphatic and 

aromatic compounds of EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe 

Condensed-phase mechanism-Volatile evolution 

Volatile evolution was obtained via TG-FTIR. Fig.5-21 illustrated that the smoke precursors 
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(aromatic, phenol and double-bond compounds) of EP/6BN@PDA@Fe were more than those of 

EP, EP/6BN and EP/6BN@PDA in terms of whole release amount. It was stressed that TG-FTIR 

was carried out in the microgram-scale while CCT was performed in gram-scale. According to the 

char yield at 650oC (EP/6BN6BN@PDA@Fe possessed higher char yield than counterparts), the 

gram-scale CCT test was supposed to generate the more intensive protection from the 

carbonaceous layer relative to the milligram-scale TG. Therefore, the actual release of smoke 

precursors of EP/6BN@PDA@Fe in CCT was supposed to be lower than those in TG-FTIR. Apart 

from it, Fig.5-11 (c) and Fig.5-20 (b) presented the conversion from aliphatic compounds to 

unstatured compounds, which played an important role in the increase of aromatic compounds. 

 

Fig.5-21 Integral curves of intensity versus time of (a) aromatic compounds, (b) phenol 

compounds and (c) double-bond compounds 

Vapor-phase mechanism 

The vapor-phase mechanism was to investigate the thermal-oxidation stability of soot of EP and 

EP nanocomposites. In Fig.5-22 (a), the addition of 6wt% BN, BN@PDA and BN@PDA@Fe did 

not decrease the initial thermal-oxidation stability (T5wt%, 479oC) of smoke intermediate of EP 

matrix. In parallel, the addition of BN and BN@PDA did not change the temperature at maximum 

mass loss rate (Tmax, 608oC) (Fig.5-22 (b)). The addition of BN@PDA@Fe reduced Tmax by 7oC 
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probably due to the change of the soot composition because Fe nanocatalyst with ultra-high 

boiling point was not capable to enter the soot. In combination of T5wt% and Tmax, a nearly identical 

amount of soot from EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe were combusted at the 

combustion temperature (about 550oC). Therefore, the vapor-phase mechanism was weak in 

smoke suppression of EP/6BN@PDA@Fe. The condensed-phase mechanism was the dominant 

mechanism to suppress smoke production. 

 

Fig.5-22 (a) TG and (b) DTG curves of soot of EP, EP/6BN, EP/6BN@PDA and 

EP/6BN@PDA@Fe 

5.3.5 Fire retardancy of EP/BN@PDA@Fe 

The integral fire retardancy was investigated via LOI, UL-94 horizontal burning test and CCT. 

LOI test and UL-94 horizontal burning test 

The LOI result was showed in Fig.5-23. Compared with neat EP (LOI, 24.2%), EP/6BN, 

EP/6BN@PDA and EP/6BN@PDA@Fe presented LOI value to 31.2%, 28.5% and 34.2% 

respectively. The addition of BN nanosheets into EP increased LOI value, which was attributed to 

barrier effect and increased thermal conductivity (Table 5-2). The char of EP/6BN shielded the 

heat and flammable gases, further interrupting the combustion. The increased thermal conductivity 

favoured the heat dissipation, which extinguished the fire from another aspect. In contrast, the 

incorporation of PDA unexpectedly decreased LOI value despite thermal conductivity was 

increased. The probable reason was the worse char quality, which was incited by high-temperature 

instability of EP/6BN@PDA in TG analysis (Fig.5-17). The combustion of PDA (at the interface 

between EP and BN) possibly damaged the char structure of EP/6BN. In contrast, the 

incorporation of Fe nanocatalyst increased LOI value by 3.0% and 5.7% respectively compared to 

EP/6BN and EP/6BN@PDA. The thermal conductivity of EP/6BN@PDA and 
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EP/6BN@PDA@Fe remained almost equal. In the sense, the improved char quality with higher 

char yield (Fig.5-17) probably accounted for enhanced LOI value of EP/6BN@PDA@Fe relative 

to EP/6BN@PDA. 

 

Fig.5-23 LOI value of EP and EP nanocomposites 

 

Fig.5-24 Horizontal burning profiles of (a) EP, (b) EP/6BN, (c) EP/6BN@PDA and (d) 

EP/6BN@PDA@Fe 

UL-94 horizontal burning test (Fig.5-24) demonstrated that EP and EP nanocomposites 

possessed self-extinguishing attribute with the difference in burning length and time. At 44s, 

EP/6BN and EP/6BN@PDA@Fe generated slightly weaker flame than EP and EP/6BN@PDA, 

which was in good consistency with LOI result. As the flame was at the critical point of 

self-extinguishment, EP, EP/6BN, EP/6BN@PDA and EP/6BN@PDA@Fe took the burning time 

of 3min 55s, 1min 30s, 1min 56s and 1min 16s, correspondingly. In parallel, the burning length 
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(marked in red dot-line rectangle) revealed the burning sequence of 

EP>EP/6BN@PDA>EP/6BN>EP/6BN@PDA@Fe. The burning time and length demonstrated 

that BN improved fire retardancy of EP but PDA modification deteriorated fire retardancy. The 

growth of Fe nanocatalyst enhanced fire retardancy with stronger self-extinguishment. 

Cone calorimeter test (CCT) 

CCT result was presented in Fig.5-25 and Table 5-5. In HRR curves (Fig.5-25 (a)), two peaks 

constantly emerged in terms of the four samples, which indicated the generation, damage and 

reconstruction of carbonaceous layer. The addition of 6wt% BN, BN@PDA and BN@PDA@Fe 

changed pHRR of EP (1208±45 kW/m2) to 907±32kW/m2, 1158±39 kW/m2 and 738±27 kW/m2. 

Amongst them, BN@PDA@Fe imparted EP with the most significantly reduced pHRR by 38.9%. 

However, the single-step PDA modification unexpectedly increased pHRR value relative to 

EP/6BN.  In parallel, the fire growth index (FIGRA), which was defined as the pHRR divided by 

time to pHRR, illustrated the fire-growth behavior of polymers. EP/6BN@PDA@Fe possessed 

FIGRA of 4.59 kW/(m2·s), which was notably reduced compared to EP (6.75 kW/(m2·s)), EP/6BN 

(4.72 kW/(m2·s)) and EP/6BN@PDA (4.65 kW/(m2·s)). Reasonably, the remarkable reduction of 

FIGRA illuminated the suppression effect of fire growth of EP via the sequential modification of 

BN. Moreover, the study of THR at 350s (Fig.5-25 (b)) disclosed that EP/6BN@PDA@Fe 

possessed lower value of 83.2±2.5 MJ/m2 than EP (14.6% reduction), EP/6BN (5.8% reduction) 

and EP/6BN@DPA (22.0% reduction). The average mass loss rate (AMLR) was employed to 

assess the integral fire behavior. In Fig. 5-25 (c), EP/6BN@PDA@Fe had AMLR value of 0.085 

g/s, which was reduced by 34.6%, 9.6% and 34.7% respectively compared to EP, EP/6BN and 

EP/6BN@PDA. The lower AMLR value illuminated the lower integral fire intensity. In parallel, 

the char yield at flameout of EP/6BN@PDA@Fe was 29.0%, 11.3% and 21.2% higher than EP, 

EP/6BN and EP/6BN@PDA separately, which was in consistency with the char yield in TG 

(Fig.5-17 and Table 5-6). The lower char yield after modification of PDA relative to EP/6BN was 

due to the triggering effect of PDA located at the interface of BN and EP towards worse 

char-stability. In contrast, the incorporation of Fe improved charring capacity of EP/6BN@PDA 

via catalytic process. 
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Fig.5-25 (a) HRR, (b) THR, (c) weight profile and (d) COP of EP and EP nanocomposites 

Additionally, carbon monoxide (CO) production was the important constituent in fire safety. In 

Fig.5-25 (d), EP/6BN@DPA@Fe possessed the peak CO production rate of 0.025±0.001g/s, 

which was 40.1%, 16.7% and 39.0% lower than those of EP (0.042±0.002g/s), EP/6BN 

(0.030±0.001g/s) and EP/6BN/PDA (0.041±0.002g/s) respectively. Similarly, the PDA 

modification deteriorated CO profile with higher peak CO production rate relative to EP/6BN. In 

parallel, the released amount of CO (Fig.5-26 (a)) illustrated the similar trend to peak CO 

production with the CO weight at 350s of EP/6BN@PDA@Fe 2.2±0.1g compared to 3.1±0.1g of 

neat EP. Fig.5-26 (b) demonstrated the delayed and reduced ratio of COP and CO2P of 

EP/6BN@PDA@Fe compared with neat EP at the after-flame stage. It was believable that the 

condensed-phase behavior toward high-quality char (Fig.5-18 and Fig.5-19) accounted for the 

improved fire retardancy. Resultantly, the lower whole intensity and its integral value of 

EP/6BN@DPA@Fe than those of PE, EP/6BN and EP/6BN@PDA were generated (Fig.5-27). 

Conclusively, the sequential functionalization of BN by PDA and Fe reduced the fire hazard of EP. 
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Fig.5-26 (a) Weight of CO production and (b) ratio of COP and CO2P of EP, EP/6BN, 

EP/6BN@PDA and EP/6BN@PDA@Fe 

 

Fig.5-27 (a) Whole intensity and (b) integration of whole intensity of EP and EP composites 

5.3.6 Fire-retardant mechanism of EP/BN@PDA@Fe 

The fire-retardant mechanism was generally associated with vapor-phase flame inhibition and 

condensed-phase char protection. Herein, the flame-inhibition effect was absent as the av-EHC 

value of EP/6BN@PDA@Fe (2.72MJ/(m2·g)) remained nearly constant relative to neat EP 

(2.71MJ/(m2·g)). The condensed phase was accordingly focused, which was actually similar to the 

condensed-phase smoke-suppression mechanism. The similarity between condensed-phase 

fire-retardant and smoke-suppression mechanism was that the both cases were involved in the 

formation of protective char. The difference was that the precursor of smoke (higher polyaromatic 

degree) and flammable gases (mainly aliphatic compounds) differed. In detail, the 

condensed-phase fire-retardant mechanism (Scheme 5-3) account for improved fire retardancy of 

EP/6BN@PDA@Fe. During combustion, the Fe nanocatalyst located at the interface of EP and 

BN catalyzed the charring reaction (Fig.5-17, Fig.3-14 (c) and Fig.5-20 (b)) toward the promoted 

integrity and a larger amount of char.  
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  The probable molecule-level interpretation was that the iron atoms promoted the generation of 

polyaromatic compounds from the aliphatic to aromatic compounds. The generated char with BN 

as the reinforcement possessed stronger barrier effect towards oxygen, heat and flammable 

effluents. Resultantly, heat release and CO production were improved in the case of LOI, UL-94 

and CCT. In terms of delayed ignition, the increased thermal conductivity was due to the better 

nanodispersion of BN after PDA modification. It was noted that the better dispersion favored the 

transportation of heat through high thermally conductive BN, accompanied by the easier formation 

of the heat route. 

 

Scheme 5-3 Proposed fire-retardant mechanism for EP/6BN@PDA@Fe 
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CHAPTER 6 

6 Conclusion and future work 
 

“There is no greater delight than to be conscious of sincerity on 

self-examination” 

-Mencius 

6.1 Conclusion 

6.1.1 Ignition delaying 

1) The effect of ferrocene on delaying ignition of PS was clarified. The addition of 3wt% 

ferrocene into PS matrix increased ignition time (tig) form 95±2s to 112±2s with the ignition 

temperature (Tig) increasing from 262oC to 350oC (CCT, 25kW/m2). The thermal inertia (ρck) of 

PS was not changed due to the identical temperature-rising curve. The radical-quenching effect of 

Fe species derived from ferrocene accounted for the increased tig and Tig. The increase of Tig was 

originated from the low gasification heat of PS that dissipated the surface heat. 

2) Mesoporous SBA-15 silica was doped with ultrafine Co3O4 nanoparticles preferentially in the 

interior wall to prepare the nanohybrid SBA-15@Co3O4. PS composite with 2wt% 

SBA-15@Co3O4 (PS/2SBA-15@Co3O4) possessed tig of 116±2s compared to 98±1s and 106±1 of 

neat PS and PS/2SBA-15 (CCT, 25kW/m2). PS/2SBA-15@Co3O4 had the Tig value of 343oC, 

which was 81oC higher than that of neat PS. The temperature curve at the early stage showed the 

similar temperature-rising process, which presented the similar thermal inertia of neat PS and 

PS/2SBA-15@Co3O4. The increase of Tig and tig was originated from the significantly delayed 

release of volatiles (flammable gases). The process of adsorption-desorption gave rise to the 

delayed release of volatiles. The deep cause for the improved adsorption and desorption process 

was probably due to the coordination interplay between the main pyrolyzed products and Co 

atoms. 

  In parallel, 2wt% SBA-15@Co3O4 imparted PS with reduced pHRR value and THR at first 

200s by 24.5% and 81.0% separately. The fire-retardant mechanism was predominantly involved 

in the adsorption-desorption of volatiles and secondarily condensed-phase protection effect. The 
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tensile strength of PS was improved with addition of SBA@Co3O4. 

3) Halloysite nanotubes (HNT) were sequentially functionalized by maleic anhydride (MAH) and 

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) to prepare the nanohybrid 

HNT@MAH@DOPO. TG and TG-MS evidenced the sustainable slow-release behavior of 

phosphorous-containing radicals (PO· etc.) of HNT@MAH@DOPO compared to the simple 

mixture of HNT@MAH and DOPO (HNT@MAH-DOPO). 5wt% HNT@MAH@DOPO imparted 

PLA matrix with delayed tig (75±5s) compared to 60±2s of neat PLA and 60±2s of 

PLA/5HNT@MAH-DOPO (CCT, 35kW/m2). The Tig value of PLA remained invariable (331oC) 

with addition of HNT@MAH@DOPO and HNT@MAH-DOPO. The surface temperature 

comparison illustrated that PLA/5HNT@MAH@DOPO possessed a steady state with almost 

constant temperature due to the intensive radical-quenching. The sustainable slow-release 

behavior of PO· radicals accounted for the steady state. The temperature range (release) of 

PO· radicals from HNT@MAH@DOPO matched the thermal-oxidation degradation of PLA 

matrix.  

  In terms of fire behavior, 5wt% HNT@MAH@DOPO endowed EP with LOI value of 38.0% 

and UL-94 V-0 rating compared to LOI value of 24.7% and UL-94 V-2 rating of neat PLA. 

Comparative study illuminated the predominant vapor-phase mechanism and secondary 

condensed-phase mechanism for the improved fire retardancy. The vapor-phase mechanism was 

enhanced due to the sustainable slow-release behavior of PO·. The above three novel strategies to 

delaying ignition were illustrated in Scheme 6-1. 

 

Scheme 6-1 Novel strategies to delaying ignition 
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6.1.2 Smoke suppression 

1) The effect of ferrocene on smoke suppression of PS was sysmatically studied. 3wt% ferrocene 

into PS reduced the peak smoke production rate (peak SPR) and total smoke production (TSP) by 

55.2% and 56.9% respectively. The condensed-phase mechanism associated with the slight 

reduction of smoke precursors was observed. In terms of vapor-phase mechanism, the smoke 

intermediate (soot) of PS/3Ferrocene possessed the decreased initial thermal-oxidation stability 

(T5wt%) by 175oC compared to that of PS due to the presence of γ-Fe2O3 nanoparticles in soot of 

PS/3Ferrocene. γ-Fe2O3 nanoparticles accelerated the combustion of soot at the combustion 

temperature. Resultantly, the pHRR value was slightly increased. In combination of delayed 

ignition, the effect of ferrocene on ignition and smoke suppression of PS was insightfully 

investigated for the first time.  

2) Aiming to incorporate the condensed-phase and vapor-phase smoke-suppression mechanism 

into one system, the ferrocene molecule was included into sulfonated cyclodetrix intercalated 

layered double hydroxide (LDH-CD) to prepare the nanohybrid LDH-CD@Ferr. The inclusion of 

ferrocene into LDH-CD effectively avoided the earlier sublimation of ferrocene at 100oC. 6wt% 

LDH-CD@Ferr decreased the peak SPR and TSP by 42.9% and 54.4% separately relative to that 

of neat EP. The condensed-phase mechanism was associated with the formation of better-quality 

carbonaceous layer. Accordingly, the notable decrease of smoke precursors (aromatic, phenol and 

double-bond compounds) was observed. At the molecule level, the conversion of aliphatic to 

aromatic compounds was detected, which intensified the char structure. In terms of vapor-phase 

mechanism, the soot of EP/6LDH-CD@Ferr possessed lower T5wt% by 56oC relative to that of EP 

due to the iron-containing derivatives. The lower thermal-oxidation stability promoted the further 

combustion of soots. 

In terms of fire retardancy, 6wt% LDH-CD@Ferr increased the LOI value of EP from 24.2% to 

28.1%. EP/6LDH-CD@Ferr presented the self-extinguishment in the vertical burning test 

compared to burning-to-clamp of EP/6LDH-CD and neat EP. In CCT, EP/6LDH-CD@Ferr 

showed the decreased pHHR and THR value by 30.9% and 27.8% respectively. The 

condensed-phase mechanism accounted for the improved fire retardancy with the formation of 

more robust char structure.  
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3) Intended to impart EP with highly efficiently suppressed smoke production via the 

condensed-phase mechanism, the ultrafine Ni(OH)2 nanocatalyst was engineered on external 

surface of dodecylbenzenesulfonate intercalating LDH (LDH-DBS) to prepare 

LDH-DBS@Ni(OH)2. 3wt% LDH-DBS@Ni(OH)2 formed the nanodispersion in EP matrix. 

LDH-DBS@Ni(OH)2 endowed EP with 50.0% and 65.5% reduction in peak SPR and TSP at 200s. 

The condensed-phase mechanism accounted for the improved smoke suppression. The 

better-quality char with the optimized interior and exterior structure was formed. The 

molecule-level study illustrated the formation of char with higher polyaromatic degree. 

Accordingly, the smoke precursors were reduced significantly. The soot of 

EP/6LDH-DBS@Ni(OH)2 did not demonstrate the lower initial thermal-oxidation stability relative 

to EP/6LDH-DBS, which indicated the weak vapor-phase smoke-suppression mechanism. 

  In terms of fire retardancy, EP/3LDH-DBS@Ni(OH)2 passed UL-94 vertical burning rating V-0. 

As far as the authors are concerned, 3% weight fraction was lowest value to reach V-0 in terms of 

EP nanocomposites. In CCT, EP/3LDH-DBS@Ni(OH)2 possessed the 60.6% reduced pHRR and 

65.4% reduced THR at 200s relative to those of EP. The fire-retardant mechanism was involved in 

the intumescent protective carbonaceous layer. At mesoscale, the intercalating nanodispersion of 

LDH-DBS@Ni(OH)2 nanosheets in EP matrix and the interfacial catalysis of ultrafine Ni(OH)2 

towards higher-quality chars optimized the intumescent structure. The mechanism was reviewed in 

Scheme 6-2. 

 

Scheme 6-2 Vapor-phase and condensed-phase mechanism of smoke-suppression 
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6.1.3 Combination of ignition delaying and smoke suppression 

Thermally exfoliated boron nitride nanosheets (BN) was sequentially functionalized with 

polydopamine (PDA) and iron-derived nanocatalyst (Fe) to prepare the BN@PDA@Fe. 

Compared with neat EP with tig of 80±3s, the addition of 6wt% BN, BN@PDA and 

BN@PDA@Fe respectively increased tig to 102±3s, 98±3s and 89±1s. EP/6BN possessed the 

delayed tig relative to neat EP due to the increased thermal conductivity (k). EP/6BN@PDA 

showed slightly lower tig value compared to EP/6BN owing to the decreased specific heat of 

capacity (c). EP/6BN@PDA@Fe exhibited slightly lower tig value in comparison to 

EP/6BN@PDA due to the lower thermal-oxidation stability. k and c exerted a cardinal effect at the 

temperature-rising period. The thermal-oxidation degradation functioned at the late stage of 

temperature-rising process and determined the concentration and composition of flammable gases 

(related to Tig). The pyrolyzed depth acted as the bridge to link physical and chemical factors. In 

terms of EP matrix, the physical factors played a more important role in determining ignition than 

chemical factors. The thermal conductivity and specific heat of capacity should be taken into 

account identically in analyzing ignition. Moreover, the concentration of flammable gases was 

more important than their composition. 

  EP/6BN@PD@Fe showed 24.6% and 28.6% reduction of peak SPR and TSP at 350s. The 

condensed-phase mechanism was associated with the formation of robust char with higher-quality 

interior structure. The interfacial catalysis of Fe (located between BN and EP) promoted the 

formation of homogeneously dispersed BN-reinforced carbonaceous layer. The investigation of 

soots illustrated no detectable vapor-phase mechanism. 

  In parallel, EP/6BN@PD@Fe reached LOI value of 34.2% compared to 24.2% of neat EP. The 

UL-94 horizontal burning test of BN@PDA@Fe exhibited lower combustion rate than those of its 

counterparts. In CCT, BN@PDA@Fe imparted EP with the most significantly reduced pHRR by 

38.9%. THR at 350s disclosed that EP/6BN@PDA@Fe possessed lower value by 14.6% relative 

to EP. The notable reduction of main flammable gases (aliphatic compounds) was observed. The 

condensed-phase mechanism accounted for the improved fire retardancy.  
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6.2 Future work 

6.2.1 Ignition delaying 

Our future work was to further seek for the solutions to delay ignition highly efficiently. The 

delayed ignition time was supposed to guarantee the adequate availability to rescue. The 

higher-efficiency approaches were based on the aforementioned methods 1) intensive flame 

inhibition via highly efficient slow release of PO· radical 2) strong slow release of volatiles via 

highly efficient adsorption-desorption behavior 3) significantly increased thermal inertia (ρck) via 

modulation of structure and composition of polymer nanocomposites 

In terms of PS/Ferrocene, PLA/HNT@MAH@DOPO and PS/SBA-15@Co3O4 ignition-delayed 

system, the numerical simulation of the surface temperature should be carried out in order to 

analyze the factors to influence ignition in combination of experimental results. The simulation of 

surface temperature was able to guild the rational design of nanostructure for ignition-delaying 

system. In the simulation, the thermoplastic polymers were regarded as the solid fuel. Based on 

the basic governing Equation (5-1), the heating process was divided into two stages i.e. before 

thermal-oxidation degradation and after thermal-oxidation behavior. Before thermal-oxidation, 

melt process and in-depth adsorption (transparent samples), thermal convection and black-body 

emission were considered. After thermal-oxidation, thermal convection, black-body emission, 

attenuation of incident heat and gasification were considered. After confirming surface 

temperature, the Tig value was predicted based on the three factors of oxygen, volatile and 

temperature. The concentration and composition of volatiles played a key role in Tig with 

predominant role of volatile composition. The parameterization of Tig was difficult due to the 

lacking of enough mechanistic investigation. Our future work was supposed to include 

approximate parameterization of Tig. Another pursuit in the further was to impart the 

ignition-delayed system with multifunctions (weather-resistance and anti-oxidation etc.). 

In order to solve the difficulty in investigating thermal-oxidation behavior prior to ignition in 

CCT, the in-situ detection of volatile composition and concentration was in need. The most recent 

apparatus with infrared spectroscopy connected with CCT would be selected in Fig.6-1 [365]. In 

consideration of the high-molecule-weight in the degraded products, the acquisition site of 

volatiles was selected beside the sample surface. 
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Fig.6-1 In-situ detection of volatiles in (a) CCT with (b) FTIR spectroscopy 

6.2.2 Smoke suppression 

Ferrocene and its analogue were certified as the excellent smoke suppressant with vapor-phase 

smoke-suppression mechanism. Its low sublimation temperature caused the significant barrier for 

the industrial application. The future work was to continue seeking for the appropriate nano-carrier 

to drive the release temperature of ferrocene molecules to the combustion temperature. Our work 

to use the host-guest chemistry was the first step. 

  The pursuit of highly efficient smoke suppression was on the road. The comparison of 

vapor-phase and condensed-phase smoke suppression illuminated that both cases possessed the 

trait of high efficiency. The authors considered that the balance of vapor-phase and 

condensed-phase smoke suppression was able to be achieved for the most optimized smoke 

suppression, accompanied by the excellent flame retardancy. The future work was to seek for the 

solution to execute the strategy via the combination of vapor-phase and condensed-phase smoke 

suppressants. 

  The kinetics of smoke production was within the future investigation. The compounds with low 

aromatic degree were conversed to that with high aromatic degree, which was influenced by the 

degradation temperature. The nucleation process proceeded with the high-aromatic-degree 

compounds to nanoscale carbon particles, which was tightly related to the volatile analysis. The 

resultant carbon nanoparticles continued to grow with formation of aggregates, which was defined 

as the soot. The investigation of kinetics was focused on the analysis of these three processes. In 

parallel, the visual observation of smoke and smoke intermediates was required. In the chimney of 
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CCT, the specific pipe was addressed to incorporate the smoke, which underwent the analysis of 

smoke particle size and distribution by electric low pressure impactor (ELPI) [366]. As the 

specific pipe was addressed in the flame during combustion, the smoke intermediate was acquired 

and analyzed.  
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