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RESUMEN 

La resina epoxi (EP), una clase importante y versátil de polímero termoendurecible, se ha utilizado 

ampliamente en recubrimientos, adhesivos y materiales compuestos. Sin embargo, los materiales 

compuestos basados en epoxi pueden originar riesgos de incendio ya que el EP puro es en su mayoría 

altamente inflamable. Como consecuencia, el desarrollo de compuestos EP a prueba de incendios 

se ha convertido en un tema de investigación importante y activo tanto en comunidades académicas 

como industriales. En los últimos años, la funcionalización de la superficie de relleno ha demostrado 

ser un enfoque eficaz para desarrollar retardantes de llama altamente eficientes y, al mismo tiempo, 

mantener otras propiedades cruciales de los compuestos poliméricos, como las propiedades térmicas 

y mecánicas. Con el objetivo de lograr un compuesto EP ignífugo de alto rendimiento, se han 

desarrollado diferentes estrategias de funcionalización para rellenos con diferentes morfologías 

(nanoesferas, microesferas huecas y microfibras) y composiciones químicas (polidopamina, vidrio 

y carbono) en esta tesis. Para ilustrar de manera adecuada cómo la funcionalización de la superficie 

afecta al desempeño del macro-alcance de los compuestos EP, se han investigado sistemáticamente 

los comportamientos interfaciales de la matriz de relleno, especialmente el carbonizado y la 

adhesión interfacial. 

    En el Capítulo 3, las nanoesferas de polidopamina cargada con hierro (Fe-PDA) y su derivado, 

el Fe-PDA modificado con 9,10-dihidro-9-oxa-10-fosfafenantreno-10-óxido (DOPO) se 

introdujeron en la resina epoxi como aditivo retardante de llama. La capacidad de recubrimiento 

versátil del material basado en polidopamina inspirado en mejillones ha recibido mucho interés en 

numerosos campos, incluida la funcionalización ignífuga de rellenos para polímeros. Sin embargo, 

la comprensión de las acciones ignífugas del material de polidopamina en la combustión aún 

permanece incompleta, lo que limita sus aplicaciones prácticas y diseños futuros como cargas de 

refuerzo de polímeros. En este trabajo, los nanocompuestos EP preparados que contienen 5% en 

peso de Fe-PDA exhibieron una inflamabilidad notablemente reducida, reflejada por el alto valor 

de LOI del 31.6%, clasificación V-0 en la prueba UL-94, así como una reducción del pico del 41% 

tasa de liberación de calor en la prueba de calorímetro de cono. Más importante aún, el Fe-PDA 

modificado (DOPO@Fe-PDA) exhibió una eficiencia como retardante de llama mucho menor en la 

resina epoxi, lo que corresponde a su capacidad de eliminación de radicales libres en comparación 



 

 

con el Fe-PDA no modificado. Estos resultados indicaron que la acción de eliminación de radicales 

libres de Fe-PDA contribuyó a la extinción de la llama en fase gaseosa. Además de la acción de la 

fase gaseosa, Fe-PDA también promovió el proceso de carbonización en fase condensada, lo que 

condujo a la formación de capas de carbonización integradas que retrasaron efectivamente la 

transferencia de masa y calor de la combustión. Basado en estas acciones (eliminación de radicales 

libres y carbonización catalítica), Fe-PDA actuó como retardante de llama no tóxico y altamente 

eficiente en EP. 

    En el Capítulo 4, se proporciona una estrategia de funcionalización de superficie híbrida 

inorgánica / orgánica bien diseñada para funcionalizar la microesfera de vidrio hueca (HGM, el 

relleno), con el objetivo de preparar un compuesto epoxi de alto rendimiento (EP, la matriz). En 

primer lugar, se empleó el marco de imidazol zeolítico 67 como plantilla de auto-sacrificio para 

construir nanoláminas de hidróxidos dobles laminares jerárquicas en la superficie de HGM. Luego, 

el agente de acoplamiento de silano basado en retardante de llama que contiene fósforo (DOPO) se 

revistió sobre las superficies tridimensionales. El compuesto EP resultante que contenía 5% en peso 

de HGM funcionalizado mostró un alto valor de LOI de 30.4%, clasificación V-1 en la prueba UL-

94 y una reducción de 56.4% de la tasa máxima de liberación de calor en la prueba de calorímetro 

de cono. Mientras tanto, se logró una baja densidad (1,14 g/cm3) y una buena resistencia a la tracción 

(39,7 MPa) para el compuesto modificado. Más importante aún, se reveló claramente que se 

formaron capas de carbón densas y continuas debido al comportamiento de carbonización de abajo 

hacia arriba, lo que ralentiza efectivamente el calor y la transferencia de masa durante la combustión. 

Además, las pruebas de indentación indicaron una resistencia interfacial mejorada entre el HGM 

funcionalizado y la matriz EP, que fue responsable de la resistencia a la tracción mejorada del 

material compuesto correspondiente. Este estudio proporciona una idea de los comportamientos 

interfaciales (adhesión interfacial y carbonización de abajo hacia arriba) en los compuestos EP 

rellenos de HGM. 

    En el Capítulo 5, el agente de acoplamiento de silano con funcionalidad de retardaante de llama 

que contiene fósforo (DOPO) se revistió sobre una superficie de fibra de carbono (CF) para preparar 

compuestos laminados formados por CF/EP de alto rendimiento. Bajo combustión, los compuestos 

de fósforo injertados en la superficie promovieron el comportamiento de carbonización interfacial 



 

 

de los compuestos EP. Se formó una capa de carbón integrada y densa compuesta de tela de carbono 

con espacios sellados para proteger los materiales poliméricos en fase condensada. En consecuencia, 

la velocidad máxima de liberación de calor de CF@Z6020-DOPO/EP se redujo considerablemente 

en comparación con CF/EP. Además, la prueba de inserción de fibra reveló claramente un aumento 

de la resistencia interfacial de fibra / matriz debido a la existencia de grupos amina en la superficie 

de la fibra. La estrategia de funcionalización empleando un agente de acoplamiento de amina silano 

basado en organofosforados demostró ser un enfoque eficaz para preparar compuestos de EP 

ignífugos de alto rendimiento. 

 

 

 

 

 

 

  



 

 

ABSTRACT 

Epoxy resin (EP), an important and versatile class of thermosetting polymer, has been widely used 

in coatings, adhesives and composite materials. However, fire hazards may arise from epoxy-based 

composites since the neat EP is mostly highly flammable. As a consequence, the development of 

fire-safe EP composites has become an important and active research topic in both academic and 

industrial communities. In recent years, filler surface functionalization has proved to be an effective 

approach to develop highly efficient flame retardants, and at the same time maintain other crucial 

properties of polymer composites, like the thermal and mechanical properties. Aiming to achieve 

high performance flame retardant EP composite, different functionalization strategies have been 

developed for fillers with different morphologies (nanosphere, hollow microsphere and micro-fiber) 

and chemical compositions (polydopamine, glass and carbon) in this thesis. To well illustrate how 

the surface functionalization affects the macro-scope performances of EP composites, the filler–

matrix interfacial behaviors, especially the interfacial charring and interfacial adhesion have been 

systematically investigated.  

    In Chapter 3, the iron-loaded polydopamine nanosphere (Fe-PDA) and its derivative, the 9,10-

dihydro-9-oxa-10-phosphaphenanthrene-10-oxide modified Fe-PDA were introduced into epoxy 

resin as the flame retardant additives. The versatile coating capability of mussel-inspired 

polydopamine material has received much research interest in numerous fields, including flame 

retardant functionalization of fillers for polymers. However, the understanding of flame retardant 

actions of polydopamine material in combustion still remains incomplete, limiting its practical 

applications and future designs as polymer reinforcing fillers. In this work, the prepared EP 

nanocomposites containing 5 wt% Fe-PDA exhibited remarkably reduced flammability, reflected 

by the high LOI value of 31.6%, V-0 rating in UL-94 test, as well as a 41% reduction of the peak 

heat release rate in cone calorimeter test. More importantly, the DOPO modified Fe-PDA 

(DOPO@Fe-PDA) exhibited a much lower flame retardant efficiency in epoxy resin, well 

corresponding to its declined free radical scavenging ability in comparison with the unmodified Fe-

PDA. These results strongly indicated that the free radical scavenging action of Fe-PDA contributed 

to the extinguishment of flame in gas phase. In addition to the gas phase action, Fe-PDA also 

promoted the charring process in condensed phase, leading to the formation of integrated char layers 



 

 

which effectively delayed the mass and heat transfer of combustion. Based on these actions (free 

radical scavenging and catalytic charring), Fe-PDA acted as the nontoxic and highly efficient flame 

retardant in EP. 

    In Chapter 4, a well-designed inorganic/organic hybrid surface functionalization strategy is 

provided to functionalize hollow glass microsphere (HGM, the filler), aiming to prepare high 

performance epoxy (EP, the matrix) composite. Firstly, the zeolitic imidazole framework-67 was 

employed as the self-sacrificing template to construct hierarchical NiCo-layered double hydroxide 

nanosheets on surface of HGM. Then the phosphorous-containing flame retardant (DOPO) based 

silane coupling agent was coated on the three-dimensional surfaces. The resultant EP composite 

containing 5 wt% functionalized HGM showed a high LOI value of 30.4%, V-1 rating in UL-94 test, 

and a 56.4% reduction of peak heat release rate in cone calorimeter test. Meanwhile, a low density 

(1.14 g/cm3) and good tensile strength (39.7 MPa) was achieved for the modified composite. More 

importantly, it was clearly revealed that dense and continuous char layers were formed due to the 

bottom-up charring behavior, thus effectively slowing down the heat and mass transfer during 

combustion. Besides, the indentation tests indicated an improved interfacial strength between 

functionalized HGM and EP matrix, which was responsible for the improved tensile strength of 

corresponding composite material. This study provides an insight into the interfacial behaviors 

(interfacial adhesion and bottom-up charring) in HGM filled EP composites. 

In Chapter 5, the phosphorous-containing flame retardant (DOPO) based amine functional 

silane coupling agent was coated on carbon fiber (CF) surface to prepare high performance CF/EP 

composite laminates. Under the combustion, the surface grafted phosphorus compounds promoted 

the interfacial charring behavior of EP composites. An integrated and dense char layer composed of 

carbon fabric with sealed gaps was formed to protect the polymer materials in condensed phase. 

Consequently, the peak heat release rate of CF@Z6020-DOPO/EP was greatly reduced compared 

to CF/EP. In addition, the fiber push-in test clearly revealed an increased fiber–matrix interfacial 

strength due to the existence of anime groups on fiber surface. The provided surface 

functionalization strategy using organophosphorus based amine silane coupling agent proved to be 

an effective approach to prepare high performance flame retardant EP composite.   
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CHAPTER 1 

1 Introduction 

 

“To think deeply of simple things.” 

- Arnold Ross 

 

1.1 Background and motivation of the study 

The fire hazards has caused tremendous losses of human life and property. According to the report 

(World Fire Statistics Issue No. 24) from the Center of Fire Statistics (CFS) of International 

Association of Fire and Rescue Services (CTIF), 16.8 thousand civilian fire deaths and 47.9 

thousand civilian fire injuries were reported by fire services from 34 countries in 2017 (1.1 billion 

inhabitants, 15% of the world’s population) [1]. Polymeric materials are increasingly being used in 

our daily life, e.g., home appliance, automotive, and structural component. Unlike ceramic and metal 

materials, many polymer materials can easily catch fire and increase fire hazards. Therefore, flame 

retardants are very often incorporated into polymers to improve their fire resistance [2–4]. 

Epoxy (EP) resins are one of most important class of thermoset polymers, due to their good 

mechanical properties, high electrical and heat resistance [5]. EP is also widely used as matrices for 

filler (e.g. carbon fiber) reinforced composites because of the high adhesion strength and excellent 

process ability [6]. High flammability is an unavoidable disadvantage of EP, especially when EP is 

used in the electrical and electronics industries. In the past decades, numerous studies have been 

carried out to improve the flame retardancy of EP and EP based composites [7,8]. However, the use 

of some flame retardants in EP matrix can be accompanied by the sacrifice of other properties (e.g., 

mechanical properties) and increase of other concerns (e.g., environmental issues). There is still a 

need for novel flame retardants and strategies to prepare fire safety EP materials. 

  Surface functionalization (or surface decoration, surface modification) of filler is one of the most 

fascinating approach to prepare high performance polymer composites [9–12]. As shown in Figure 

1-1, according to the publication counts from 2011 to 2019 in Web of Science, an increasing research 

interest is observed for surface functionalization in polymer matrix composites. The filler–matrix 
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interfacial behaviors are the key factors controlling the performance of polymer matrix composites. 

The interfacial behaviors can be greatly altered via the well-designed surface functionalization 

strategy, which will consequently influence the bulk properties of polymer composites. 

Conventional, flame retardants are directly added into polymer system (the bulk mode) and the 

improvement on flame retardancy is always accompanied by a high loading of flame retardant and 

the deterioration of other critical material properties. While recent research results have proved that 

a high-efficient flame retardancy can be obtained via filler surface functionalization (the interfacial 

mode), which will be further described in Section 1.3.2. 

 

Figure 1-1. Publication counts from 2011 to 2019 in Web of Science for different combined topics. 

(a) (“surface functionalization” OR “surface decoration” OR “surface modification”) AND 

“polymer”; (b) (“surface functionalization” OR “surface decoration” OR “surface modification”) 

AND (“flame retardant” OR “flame retardancy” OR “fire safety”). 

    In this thesis, aiming to prepare high performance flame retardant epoxy (EP, the matrix) based 

composite (or nanocomposites), several well-designed surface functionalization strategies were 

developed for different fillers, including the iron loaded polydopamine nanosphere (Fe-PDA), 

hollow glass microsphere (HGM) and carbon fabric (CF). The influences of filler surface 

functionalization on the performances of EP composites (or nanocomposites) were well investigated 

to give a clear understanding of the mechanism behind the enhancement or deterioration.  



CHAPTER 1 INTRODUCTION 

 

3 

 

1.2 Flame retardancy mechanisms 

The combustion of polymeric material is a complicated physical and chemical process [13–15]. 

When the polymeric material is heated, its chain starts to break down and release flammable 

volatiles. Once ignited in the presence of oxygen (usually in air), the heat generated via burning 

process will contribute to the pyrolysis of nearby material, causing a repeat of the ignition and 

pyrolysis cycles [16]. Flame retardants in polymers act to interfere with the combustion cycle, and 

thus reduce the heat release rate, or even extinguish the flame. Generally, the primary flame 

retardancy mechanisms for polymeric materials relies on the gas phase and/or condensed phase 

actions, as illustrated in Scheme 1-1 [17]. The volatiles from the pyrolysis of materials burn in the 

air and generate a variety of radicals in the gas phase, accompanying with heat and smoke release. 

A combination of physical and chemical processes exist in the condensed phase, e.g., char formation 

(in char-forming polymers), polymer melting and polymer degradation. 

 

Scheme 1-1. Scheme illustration for burning behaviors of polymeric materials. 

1.2.1 Gas phase mechanisms 

In the gas phase, the main flame retardant actions involve inert gas dilution and free radical 

quenching. The gas dilution effect mainly refers to the release of large amount of non-combustible 

gases, which dilutes the oxygen and fuel concentration in flame zone. The typical flame retardants, 

metal hydroxides, like Al(OH)3 and Mg(OH)2, act in this way by releasing H2O and CO2 via an 

endothermic thermal decomposition process [18–20]. The radical quenching effect involves 

decomposition of flame retardant into radical trapping species that scavenge nearby active flame 

propagating radicals (e.g., OH• and H•), thus facilitating the extinguishment of flame. The 

representative flame retardants, like halogen-containing additives and some phosphorus compounds, 
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mainly work in the gas phase via radical quenching [21]. In details, the principle combustion radicals 

(OH• and H•) can be consumed by halogenated species according to Equations (1)–(4). The main 

functional flame retardant species is HX (X represents F, Cl, Br, etc). 

RX → R• + X•                                (1) 

X• + R′H → R′• + HX                             (2) 

HX + H• → H2 + X•                             (3) 

HX + OH• → H2O + X•                           (4) 

    Various phosphorus compounds have been developed as flame retardants for polymeric 

materials. Different phosphorus flame retardants in different polymer materials can exhibit very 

different flame retardant mechanisms [22]. For some phosphorus compounds, it is believed that PO• 

is the key effective flame inhibitor in the gas phase. In general, the sequence of reactions includes 

the following Equations (5)-(10) [23]. 

PO• + H• → HPO                              (5) 

PO• + OH• → HPO2                            (6) 

HPO + H• → H2 + PO•                           (7) 

HPO2• + H• → H2O + PO                                (8) 

HPO2• + H• → H2 + PO2                               (9) 

HPO2• + OH• → H2O + PO2                           (10) 

1.2.2 Condensed phase mechanisms 

The formation of protective char layers acting as barrier to delay heat and mass flow is probably the 

most significant condensed phase mechanism in polymer flame retardancy. The formation of char 

layers not only serves as a barrier to heat and mass flow, but also as one means of preserving carbon, 

thus reducing its conversion to flammable volatiles. According to the previous research [24], 

chemical, physical and other factors contributing to char formation are presented in Table 1-1. The 

flame retardant efficiency provided by the char formation depends on both the chemical and physical 

structures of char layers. Generally, char layers with ideal physical structure, as well as a high 

stability to heat and oxygen, are found to provide a better barrier effect. The ideal char for flame 

retardancy is an intact structure composed of closed cells, as depicted in Scheme 1-2 [25]. This ideal 

structure can effectively slow down the flow of fuel volatiles into the flame and provide an excellent 
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thermal barrier to reduce the degradation rate of underlying polymer material. 

Table 1-1. Factors controlling charring during combustion [25]. 

Factors controlling char formation 

Chemical structure of the polymer 

Decomposition temperature of polymers and flame retardants 

Reactivity of flame retardants and their decomposition products 

Oxidation state of phosphorus in the flame retardant 

Reactive or additive flame retardant 

Dispersion of the additives 

Conditions of reaction: water content, O2-availibility, pH-value 

Interaction with other additives, synergist, and fillers 

Morphology of the polymer 

 

 

Scheme 1-2. Ideal char structure for polymer flame retardancy [24]. 

1.3 State of the art 

1.3.1 Flame retardants for epoxy resin 

According to the International Organization for Standardization (ISO) and International 

Electrotechnical Commission (IEC), flame retardant is defined as substance added, or a treatment 

applied, to a material in order to suppress or delay the appearance of a flame and/or reduce the flame 

spread rate [26]. Flame retardants for polymers are mainly classified as: halogenated and halogen-

free types. 

    Halogenated flame retardants are widely used in epoxy based products such as electrical and 
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electronic (EE) appliances to reduce the possible fire hazards. The global production of halogenated 

flame retardants has continued to rise over the past 20 years, despite growing concerns regarding 

human health and environmental issues [27,28]. One of the most widely used halogenated flame 

retardants in epoxy resins for EE applications is tetrabromobisphenol A (TBBPA). Under 

combustion, the brominated flame retardant acts as flame poisons by releasing volatile bromine 

radicals (Br•) that scavenge nearby active combustion radicals (OH• and H•) to form non-flammable 

hydrogen bromide gases, thus inhibiting the flame in the gas phase [29]. 

Despite the benefits of slowing down the fire growth speed, halogenated flame retardants can 

induce other hazards during a fire scenario: increased release of toxic gases (e.g., CO) and highly 

toxic halogenated gases (e.g., HCl and HBr). Many halogenated flame retardants themselves are 

toxic and some of them can be carcinogenic to humans. Meanwhile, these halogenated products may 

leach into the environment and lead to bio-accumulate in soil and animals, or ocean and fishes. 

Consequently, policy and regulations related to the use of halogenated flame retardants have been 

developed all over the world during the past decades. Starting from 2002, the European Union (EU) 

announced bans on the production and use of polybrominated diphenyl ether (PBDE) and 

hexabromocyclododecane (HBCD). In 2004, the U.S. Environmental Protection Agency (EPA) and 

many manufacturers reached a voluntary phase-out agreement of pentabromodiphenyl ether 

(PentaBDE) and octabromodiphenyl ether (OctaBDE). In December 2016, the State Environmental 

Protection Administration (SEPA) and some other ministries in China issued an announcement 

banning the production, use and import/export of HBCD. Considering these, the development and 

application of environment-friendly alternatives to halogenated flame retardants are needed. 

    In the past decades, various types of metal hydroxides, intumescent systems, phosphorus and/or 

nitrogen containing compounds, borates, silicates, micro- and/or nano-scaled fillers, and other novel 

substances have been used as halogen free flame retardant additives for EP [7,30]. The following 

research topics are frequently mentioned in current development of fire safety polymers: high flame 

retardant efficiency, environmental friendliness and the balance of crucial material properties. Based 

on those research topics and previous experiences in our research group, the following sections will 

mainly focus on 3 types of flame retardants: i) intumescent flame retardant systems; ii) phosphorus-

based flame retardants, and iii) micro-/nano-filler based flame retardants. 
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Intumescent flame retardant system 

Intumescent flame retardant (IFR) systems have been considered to be one of the most promising 

flame retardant approaches due to the relatively high efficiency, low smoke and low toxicity. The 

intumescent approach was first developed for coatings to protect metal, wood and textile products 

[31,32]. In 1970s, the intumescent systems were introduced into the bulk of polymeric materials 

[33]. The mechanisms of intumescence in fire retardant polymers were well illustrated in the review 

article from Camino and co-workers [34]. Typically, IFR systems are comprised of three major 

components: an acid source, a carbonizing source and a blowing agent. Under combustion, the acid 

source decomposes and generates inorganic acids, which promotes the dehydration of the 

carbonizing agent to form carbonaceous layers. At the same time, the blowing agent decomposes 

and releases inflammable gases, which facilitates the formation of voluminous foamed chars. The 

intumescent char can function as a protective shield for the underlying material against the flame, 

heat and air, thus leading to improved flame retardancy. 

    Ammonium polyphosphate (APP) is an inorganic salt of polyphosphoric acid and ammonia 

containing both chains and possibly branching. APP is one of the most common intumescent 

components used in a variety of polymers. Generally, APP decomposes at around 240 °C to release 

phosphoric acid and ammonia gas. The acid phosphoric can promote the dehydration of carbonizing 

agent, and the non-flammable ammonia gas helps to dilute the nearby oxygen concentration, at the 

same time facilitate the foaming of char layers. EP/APP can be treated as an intumescent flame 

retardant system due to the intrinsically high charring property of many EP system. In the study 

from Zammarano et al. [35], a 62% reduction in peak heat release rate (pHRR) was observed at 5 

wt% APP loading in EP. Gérard et al. [36] reported that the incorporation of 5 wt% APP in EP 

resulted in a 50% decrease in pHRR and a 20% decrease in total heat release (THR), with a specimen 

thickness of 5 mm in cone calorimeter test (CCT). In their following research [37], with a specimen 

thickness of 2.5 mm in CCT, the EP containing 5 wt% APP exhibited a pHRR decreased by 31% 

and THR decreased by 21%. 

The intumescent systems with different formulations can display huge differences in flame 

retardant efficiency [38–41]. Table 1-2 lists some research results from different intumescent flame 

retardant EP composites. According to the study from Gérard et al. [36], the partial substitution of 
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OMPOSS by APP strongly enhanced the fire resistance of EP material in mass-loss calorimetry, 

while the incorporation of CNT along with APP leaded to an antagonist effect. As seen from Figure 

1-2, the lowest pHRR and highest remained residue weight were observed for EP containing 4 wt% 

APP and 1 wt% OMPOSS, while the combined use of APP and CNT showed a very low flame 

retardant efficiency. The dynamic studies of the burning specimens revealed that the enhanced flame 

retardancy of EP/APP with OMPOSS resulted mainly from an adequate viscosity that facilitated the 

trapping of degradation gases and favored the expansion of intumescent char. In terms of EP/APP 

with CNT, the excessive stiffness of residue hindered the development of the protective char 

structure, thus exhibiting a lower flame retardant efficiency. In the study of Wang et al. [42], the 

flame retardancy of epoxy resin was improved by incorporation of metal compounds (CoSA) with 

APP. The improved flame retardancy was mainly attributed to the catalytic effect of CoSA on both 

the initial decomposition of APP and crosslinking of produced polyphosphoric acid. The synergist 

effect between IFR and other micro-/nano-fillers have also been intensively studied in many other 

polymeric materials, like PP [43,44], PLA [45–47], etc. APP owns some drawbacks in the practical 

application, like the moisture-absorption issue and low compatibility with polymer matrix. 

Consequently, different approaches to modify APP have been provided to counter these drawbacks 

[48–50]. In the study from Tan and coworkers [51], APP was modified via the cation exchange 

reaction between APP and DETA. The resulting EP/DETA-APP showed an outstanding flame 

retardant property and a sharply ameliorated smoke suppression. Besides, many other efficient IFR 

systems without APP have been developed, like BPPAPO [52], EGM [53], and PSA [54] listed in 

Table 1-2. 

 

Figure 1-2. (a) Heat release rate and (b) Residual weight versus time for EP composites with 

different IFR components [36]. 
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Table 1-2. Flame retardancy of different intumescent flame retardant EP composites. 

Epoxy resin 

/harder 
IFR composition (wt%) 

Flame retardancy 

Ref. 

LOI (%) UL-94 
Reduction* in pHRR 

and THR (%) 

DGEBA 

/DETA 

5 APP “-” “-” -50 and -21 

[36] 4 APP, 1 OMPOSS “-” “-” -68 and “-” 

4.5 APP, 0.5 CNT “-” “-” -28 and -4 

DGEBA  

/polyamide 

5 APP 27.1 V-0 -70 and -38 

[42] 
4.83 APP, 0.17 CoSA 29.4 V-0 -67 and -47 

DGEBA 

/DETA 

10 DETA-APP 28.5 V-0 -60 and -77 

[51] 
15 DETA-APP 30.5 V-0 -68 and -79  

DGEBA 

/DDM 

2.5 BPPAPO 36.4 V-1 -24 and -23 

[52] 5.0 BPPAPO 35.5 V-0 -41 and -26 

7.5 BPPAPO 36.2 V-0 -66 and -37 

DGEBA 

/polyamide 

5 EG “-” “-” -58 and “-” 

[53] 
5 EGM “-” “-” -75 and “-” 

DGEBA 

/m-PDA 

5 APP, 5 PSA 32.0 V-0 -72 and -68  

[54] 10 PSA 28.0 V-1 -68 and -50 

20 PSA 31.0 V-0 -75 and -66 

Reduction*: reduction in percentage compared to reference specimen without flame retardant; 

“-”: Data not given or cannot be used; DGEBA: Bisphenol A diglycidyl ether; 

DETA: Diethylenetriamine; OMPOSS: Octamethyl polyhedral oligomeric silsesquioxanes;  

CoSA: Cobalt-salicylic aldehyde complex; EG: Expandable graphite;  

EGM: EG modified by phosphorus oxychloride (POCl3) and pentaerythritol (PER);  

DDM: 4,4′-Diaminodiphenylmethane; 

BPPAPO: Branched poly(phosphonamidate-phosphonate) oligomer; 

DETA-APP: APP modified by cation exchange with diethylenetriamine; 

m-PDA: m-Phenylenediamine; PSA: Poly(4,4′-diamino diphenyl sulfone 2,6,7-trioxa-1-

phosphabicyclo[2.2.2]octane-4-methanol (PEPA)-substituted phosphoramide. 
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Phosphorus-based flame retardant 

Nowadays, phosphorus-based flame retardants (P-FRs) have become a prominent alternative to 

halogenated counterparts. P-FRs play a key role in halogen-free flame retardancy due to their 

chemical versatility, multiple flame retardant mechanisms and high flame retardant efficiency. In 

general, P-FRs vary from inorganic to organic types. In those P-FRs, the P element content varies 

from almost 100 wt% in elemental phosphorus to 9.5 wt% in triphenyl phosphate (TPP). Also, the 

P atom locates in different chemical environments: i) different oxidation states, from 0 in elemental 

phosphorus to +5 in phosphates; ii) different bonding elements, from P-O to P-N, P-C and the 

mixings. Most phosphorus compounds are manufactured from phosphorite, or known as phosphate 

rock which contains high amounts of phosphate minerals. According to previous review article of 

Velencoso and coworkers [22], the current industrial synthesis pathways of some P-FRs are depicted 

in Scheme 1-3. Elemental phosphorus (P4) produced from phosphate minerals serves as the 

precursor to produce other intermediates such as phosphoric acid (H3PO4), phosphorus trichloride 

(PCl3) and phosphorus pentachloride (PCl5). Then various P-FRs such as APP, aluminum 

hypophosphite (AHP) [55,56], dimethyl methylphosphonate (DMMP) [57,58], 9,10-dihydro-9-oxa-

10-phosphaphenanthrene-10-oxide (DOPO) and its derivatives are synthesized from those 

intermediates. 

 

Scheme 1-3. The common synthesis pathways of some P-FRs from phosphate rock [22]. 

   The commonly used inorganic P-FRs include red phosphorus [59,60], AHP, APP, etc. Most 
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inorganic P-FRs are used as flame retardant additives in polymers. Depending on the chemical 

structures of polymer matrix, red phosphorus can act in both the gas phase by radical trapping and 

the condensed phase by promoting the char formation [61,62]. According to previous investigations, 

some of them reported that AHP mainly exhibited a condensed-phase flame retardant mechanism 

by the formation of cross-linking char structures with an excellent barrier effect [63,64]. Though it 

was also reported that AHP might vaporize and act effectively as a flame inhibitor in the gas phase 

[65]. In terms of APP and its derivatives, they mainly function as the component of intumescent 

flame retardants, which have been well described in the previous section. 

Organic P-FRs can be implemented in epoxy resin as either reactive or nonreactive components. 

Compared to nonreactive components, reactive P-FRs can be covalently bonded to the resin network 

structure and usually exhibit less impact on the physical properties of the EP matrix. DOPO is a 

commercialized organophosphorus flame retardant for EP and gains much attention due to the high 

flame retardant efficiency and high reactivity of P-H bond [66]. Zhang and coworkers [67] proved 

that the phosphorus containing epoxy resins prepared by addition reaction of DOPO and epoxy 

phenol-formaldehyde novolac resin exhibited high glass transition temperatures (Tg), high thermal 

stability and achieved V-0/V-1 rating in UL-94 vertical burning test. Wang and coworkers [68] 

reported the synthesis of a DOPO-based diamine hardener (Scheme 1-4a) to cure DGEBA epoxy 

resin. The resulting EP exhibited high thermal stability and flame retardancy. Artner, Schartel and 

coworkers [69,70] reported the synthesis of a novel DOPO-based diamine hardener (Scheme 1-4b) 

for DGEBA. The incorporation of that DOPO-based hardener in EP maintained the thermo- and 

fracture-mechanical properties comparable to the reference EP system, while the analogous non-

reactive DOPO-based additive induced serious deterioration of some key material properties, such 

as the glass transition temperature. Another typical reactive DOPO-based flame retardant is DOPO-

HQ (Scheme 1-4c), or HCA-HQ named by Sanko Co., Ltd. For further reading about DOPO-

derivatives as flame retardants, the review article from Salmeia and coworkers [71] is recommended. 
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Scheme 1-4. Molecular structures of typical reactive DOPO-based flame retardants. (a,b) DOPO-

based diamine hardener in Ref. [68] and [71], and (c) HCA-HQ from Sanko Co., Ltd. 

The majority of P-FRs are used as polymer additives, not implemented into polymer structures. 

Flame retardant additives are cost-effective and can be easily compounded with various polymers, 

making them more popular in industrial production. The research challenges for additive P-FRs are 

to find a good balance between flame retardant and other important material properties, such as 

thermal stability and mechanical properties. Besides being reactive flame retardant components, 

various DOPO-derivatives are also used as flame retardant additives in EP systems. Atherton–Todd 

reaction (AT reaction), first reported in 1945 by Atherton and Todd [72], is a versatile tool to 

synthesize new organophosphorus compounds. The AT reaction is a conversion of P–H bond into 

P–Cl bond using a chlorination agent (like CCl4) in presence of an organic base (like Et3N). Then 

the intermediate P−Cl bond is substituted by P−N/P−O bond, leading to the desired 

phosphonamidate/phosphonate derivatives. In the work from Wagner and coworkers [73], they 

systematically reacted seven organophosphorus molecules (in different phosphorus environments) 

with three model substrates (including two different amines and an alcohol), demonstrating that the 

AT reaction can be applied to almost any P−H reactive compound. One of the general approach for 

preparation of DOPO derived phosphonamidate via a simple one-step AT reaction is depicted in 

Scheme 1-5 [74–76]. 

 

Scheme 1-5. The general approach for preparing DOPO derived phosphonamidates via one-step 

AT reaction [75]. 

According to the research work from Klinkowski and coworkers [77], DOPO, DOPS (9,10-
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dihydro-9-oxa-10-phosphaphenanthrene-10-sulfide) and Ph2PS (diphenylphosphine sulfide) 

derivatives (2, 3, 5, 9, 10 in Scheme 1-6) were synthesized and incorporated into the epoxy resin 

system at a phosphorus content of 1.5 percent. The EP composites with 2, 3 and 9 reached the V-0 

rating in UL-94 test, and those containing 5 and 10 were classified as V-1 rating. The gas phase 

mechanism was suggested to be dominating during the combustion of those organophosphorus 

compounds. Other DOPO derivatives, like DOPO-THPO (trihydroxymethylphosphine oxide) [78], 

DOPO-PEPA (1-oxo-4-hydroxymethyl-2,6,7-trioxa-l-phosphabicyclo(2.2.2)octane) [79] and 

DOPO-ABZ (2-aminobenzothiazole) [80], were also prepared via AT reaction and proved to have 

high flame retardant efficiency in EP systems. 

 

Scheme 1-6. The synthesized DOPO (2 & 10), DOPS (3 & 9) and Ph2PS (5) derivatives as flame 

retardant in EP [77]. 

The flame retardant mechanisms of P-FRs can vary due to different phosphorus chemical 

environments. Recently, some research groups systematically investigated the influence of 

phosphorus oxidation state on its flame retardant behavior in EP composites. Braun and coworkers 

[81] presented a comparative evaluation on the fire behaviors of flame retardant CF/EP composites 

containing phosphine oxide, phosphinate, phosphonate, and phosphate (phosphorus contents around 

2.6 wt%). The results showed the charring ability in the condensed phase was enhanced with 

increasing oxidation state of the phosphorus, whereas the flame inhibition effect in the gas phase 

decreased. Zhao and coworkers [82] presented a similar conclusion that the phenylphosphonate-

based flame retardants (FPx) showed flame inhibition in the gas phase, whereas the 

phenylphosphoric-based flame retardants (FPOx) did not show any effect in the gas phase. It was 

suggested that PO• radical was released to the gas phase during thermal decomposition of FPx, 
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whereas the phosphorus was mainly kept in the condensed phase during thermal decomposition of 

FPOx. Furthermore, it was reported that compared to the phosphonate structure, an enhanced flame 

retardant action of phosphoramidate structure was found, due to the P–N synergist effect [83]. 

Micro-/nano-filler based flame retardant 

Though high-level fire resistant polymers have been developed via the incorporation of various 

flame retardants, one of the major drawbacks encountered with conventional flame retardants is the 

high loading amount in polymer matrix required. The emergence of nanocomposite technology in 

materials science provides a revolutionary strategy to prepare high performance flame retardant 

polymer composites [84]. In the past decade, many micro-/nano-fillers, like carbon materials 

(including graphite [85,86], graphene nanosheet [87–89], carbon nanotube [90–93]), layered double 

hydroxide nanosheet [35,94], mesoporous silica particle (e.g. MCM-41 and SBA-15) [95,96], boron 

nitride nanosheet and nanotube [97], layered molybdenum nanosheet [98,99] have been reported to 

act as highly efficient flame retardants in many polymers. Scheme 1-7 lists several typical micro-

/nano-fillers which have been used as flame retardant additives for polymer materials.  

 

Scheme 1-7. Typical micro-/nano-fillers used as flame retardants for polymer materials (geometries 

from left to right: 0D, 1D, 2D and 3D). 

The flame retardant mechanisms of carbon nanotubes (CNTs) in polymer composites were 

systematically investigated by Kashiwagi and co-workers [100–102]. They concluded that a CNT 

containing network carbon layer without any major cracks or openings was formed and covered the 

entire specimen surface under the combustion, thus acting as a physical shield to slow down the 

degradation of underlying materials. Moreover, they found that the formation of network protective 
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layer to improve flammability of polymers applied not only to CNT but also to clay platelets. 

However, the nanotubes with their large aspect ratio, dense entanglement network and strong 

bridging interaction formed stronger physical network compared to the less entangled clay platelets. 

This was assigned to be the main reason for the better flammability properties of CNT-based 

polymer nanocomposites compared to the clay-based nanocomposites at a relatively low particle 

concentration.  

Graphene, as a new member of carbon allotropes discovered in 2004 by the exfoliation of 

graphite [103], has aroused great research interest in the scientific community. Due to the good 

intrinsic flame retardant property, flame retardant graphene enhanced polymer nanocomposites have 

been continuously reported. It is reported the incorporation of merely 1 wt% graphene in waterborne 

polyurethane (WPU) nanocomposites resulted in a significant reduction in both total smoke release 

and total heat release [87]. The investigations from Lee [88], Han and coworkers [104] showed that 

an excessive oxidation was detrimental to the flame retardant efficiency of graphene oxide (GO) 

because it leaded to a weak intumescent ability during combustion.  

Layered double hydroxide (LDH), with a general chemical formula illustrated as 

[M2+
1−xM3+

x(OH)2]x+(An−)x/n·yH2O, where M2+ is a divalent metal ion like Mg2+, Ni2+ or Zn2+, M3+ 

is a trivalent metal ion like Al3+, Fe3+ or Co3+, and An− is an interlayer anion such as CO3
2− or NO3

−  

[105,106]. The chemical composition and structures of LDHs can be easily tailored, making it a 

fascinating nanomaterial in the field of polymer-matrix nanocomposites. The flame retardant 

efficiency of LDHs in polymers can vary due to different LDH structures. In previous research 

works [107–109], LDHs with different chemical compositions (different divalent metal cations, 

trivalent metal cations, and interlayer anions) exhibited varied fire retardant performance in 

polymer/LDH composites. Furthermore, it has been proved that an exfoliated structure contributed 

to the dispersion of LDH in polymer matrix, thus leading to a high flame retardant efficiency, as 

well as better thermal and mechanical properties [110,111]. In the work from Kalali and coworkers 

[112,113], multifunctional intercalation in LDH by the designed multi-modifiers system was 

proposed to prepare high performance EP/LDH composites, as shown in Scheme 1-8. The 

functionalized LDH (fLDH) based epoxy nanocomposites showed significantly improved flame 

retardancy, as well as other advanced properties depending on the multi-modifiers with varied 
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functions. Among the mechanisms proposed to illustrate the flame retardant actions of LDHs in 

polymer nanocomposites, the physical barrier effect of char layers, which are catalyzed and 

enhanced by LDH particles appeared to be dominant. 

 

Scheme 1-8. Schematic diagram of anions structure intercalated in the functionalized LDH by one-

step synthesis method. (a) sCD-DBS-T-LDH [112]; (b) fCD-Ph-DBS-LDH [113]. 

Micro-/nano-fillers with different morphologies can show different flame retardant efficiency 

in polymers. Costache and coworkers [90] evaluated the fire behaviors of different polymer 

composites incorporated with single- and multi-wall CNT, organically modified montmorillonites 

(MMT) and LDHs. The investigation did not fully answer the question about a physical or a 

chemical barrier mechanism as the main reason for the reduction in the pHRR, but suggested that 

the enhancement in the flame behavior must be partly due to different mechanisms for MMT, LDH 

and CNT-based nanocomposites. In the work of Dittrich and coworkers [114], spherical carbon 

black (CB), tubular MWNT and graphene-based layered materials with different exfoliation degrees 

and layer numbers, were tested as flame retardants in polypropylene nanocomposites. The results 

showed a well-exfoliated layered morphology to be favorable over spherical particles, tubes and 

platelets in flame retardant efficiency. Moreover, the author found the reduction in pHRR became 

continuously stronger with the increasing BET values of the layered graphene-based fillers.  

1.3.2 Surface functionalization of flame retardant additives 

In Section 1.3.1, various flame retardants reported in previous literatures, as well as the 

corresponding flame retardant actions have been briefly summarized. Though many of the above 

mentioned flame retardants have already exhibited a high-level flame retardant efficiency, research 

works to further improve the flame retardant efficiency, as well as the overall performance of 
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composite materials, have been continuously reported in recent years.  

One strategy to improve the flame retardant efficiency is to use a combination of different 

flame retardants in the polymer matrix. The most facile and practical way is the physical mixing of 

two or more flame retardant components in one flame retardant system. In many cases, the 

intumescent flame retardant system itself is a combination of different components. In addition, the 

synergist effect between different flame retardant compounds has been intensively studied in EP 

systems, including phosphorus-containing compounds & silicon/boron/Al2O3/ATH/EG [115–121], 

graphene nanosheet & LDH/DOPO/APP [122–124], etc. Generally, synergistic flame retardant 

effect means the combined use of different additives can impart better flame retardancy to the 

polymers compared with the specimens containing each additive alone at the same loading level. 

The synergistic effect between various flame retardants arises from their characteristic flame 

retardant actions in polymer matrix. For instance, the combination of EG and phosphorus compound 

(DOPO or HPCP, short for hexaphenoxycyclotriphosphazene) showed a good synergistic effect in 

epoxy resin due to their physical barrier and catalytic charring effect. In details, the phosphorus 

compound catalyzed EP matrix to form char residues under combustion. Combined with the 

inherently non-combustible EG, continuous and strengthened char layers were formed and displayed 

an enhanced barrier effect in the condensed phase (Figure 1-3a-c) [121]. The mixture of DOPO and 

OPS (short for octaphenyl polyhedral oligomeric silsesquioxane, a silicon compound) remarkably 

enhanced the blowing-out effect of the flame retardant EP composites [115]. As shown in Figure 1-

3d, the stable P/Si containing char layer helps to constrain the gaseous products under the burning 

test. Until the internal pressure is high enough to penetrate the char shell, the accumulated gaseous 

products will be ejected from the holes and blow out the flame. The flame retardant system 

composed of organic boronic compound and inorganic magnesium hydroxide (MDH) showed an 

obvious synergistic effect in both flame inhibition and anti-dripping effect, due to the formation of 

a two-layered physical barrier in condensed phase [125]. As shown in Figure 1-3e, the surface MgO 

powder layer combined with the intumescent char well protected the underlying polymer materials 

under combustion. 
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Figure 1-3. SEM images of char residues from (a) EP/EG, (b) EP/EG/DOPO and (c) EP/EG/HPCP 

[121]; (d) The scheme illustrating the blowing-out effect by phosphorus/silicon compounds [115]; 

(e) The scheme illustrating the synergistic effect between MDH and boronic compound [125].  

The direct compounding of different flame retardants in the bulk polymers sometimes exhibits 

a low synergism due to the weak interactions between different components. On the contrary, filler 

functionalization has proven to be a promising strategy to further improve the flame retardant 

efficiency in polymer composites. Over the past decades, along with the development of 

nanomaterials, various filler functionalization strategies have been developed for polymer flame 

retardancy, including small-molecule (or ions) intercalation in layered structures (e.g., LDH, MMT) 

[112,113,126–128], flame retardant filling/loading in hollow/porous structures [129–131], as well 

as filler surface modification. Among these strategies, surface modification offers very attractive 

opportunities for improved filler–matrix interactions and enhanced flame retardancy. Generally, 

three strategies are mainly employed to functionalize filler surface for flame retardant polymer 

composites: i) filler/inorganic particle hybrid to improve catalytic charring ability; ii) filler/organic 

flame retardant layer to improve char layer quality; iii) filler/coupling agent to improve the 

dispersion of flame retardant filler in polymer matrix.     

Filler/inorganic particle hybrid 

The filler/inorganic particle hybrid, or the element doping on filler surface opened a perspective 

window to improve the enhancement effect of flame retardant additives. Inorganic particles, like 

metal oxides, metal sulfides, metal hydroxide, layered double hydroxides have been adopted to 
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decorate various fillers and showed good flame retardant effect in EP composites. The flame 

retardant micro-/nano-filler acts as a physical barrier during the combustion of polymeric materials, 

however, the barrier effect of pristine filler materials sometimes shows a low flame retardant 

efficiency. It has been reported that the EP/graphene composite displayed an increased pHRR 

compared with pure EP [89]. This phenomenon can be attributed to the competition between high 

thermal conductivity and barrier effect of fillers. Transition metal compounds, like Fe, Co, Ni, have 

proved to be effective in catalytic charring for polymer materials, including epoxy resin [132–134]. 

Consequently, the filler/transition metal compound hybrids contribute to the formation of a stable 

and compact char barrier, which can effectively slow down the heat and mass transfer between the 

degradation and flame zone [135–137]. Table 1-3 summarizes some recently reported researches 

related to preparation of filler/inorganic particle hybrids for flame retardant EP composites. 

Table 1-3. Filler/inorganic particle hybrids for flame retardant EP composites. 

Epoxy resin 

/harder 

Type/loading of 

filler (wt%) 

Type of inorganic 

particle 

Reduction in pHRR/THR 

compared to neat EP 
Ref. 

EP/DDM CNT/2 MoS2 27% / 31% by MCC [138] 

EP/DDM CNT/2 Bi2Se3 44% / 23% by CCT [139] 

EP/DDS CNT/2 

CNx 23% / 25% by MCC 

[140] 

COx 39% / 33% by MCC 

EP/DDM GO/2 

SnO2 29% / 25% by MCC 

[141] 

Co3O4 27% / 17% by MCC 

EP/DDS GO/3 Cu/CuII/CuI 34% / 16% by CCT [142] 

EP/DDM GO/2 NiFe-LDH 60% / 61% by CCT [143] 

EP/DDS GO/2 NiCo-LDH 66% / 17% by CCT [144] 

EP/DDS MgAl-LDH/3 Ni(OH)2 61% / 65% by CCT [145] 

EP/DDS MgAl-LDH/2.5 NiCo-LDH 67% / 39% by CCT [146] 

EP/DDM MoS2/1 Bi2Se3 22% / 22% by CCT [147] 

EP/“-” BN nanosheet/3 ZnxFe3−xO4 48% / “-” by CCT [148] 

DDS: 4,4′-Diaminodiphenyl sulfone; “-”: Data not given. 
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The flame retardant efficiency of CNTs is closely related to its dispersion in polymer 

composites, which significantly influences the char network formation and its barrier effect in 

condensed phase. To improve its dispersion, CNTs were decorated by Bi2Se3 via a wet chemical 

reaction (Figure 1-4a,b) [139]. The deposited Bi2Se3 layers increased the interaction between EP 

and CNTs, which in turn improved the dispersion of CNTs in polymer matrix. The well dispersed 

flame retardant hybrid contributed to the improvement of both flame retardancy and mechanical 

properties of polymer composites. Using a CVD process with presence of different solutions, 

nitrogen (CNx) and oxygen (COx) doped CNTs were obtained (Figure 1-4c-e) [140]. The oxygen 

doped CNTs presented a good dispersion and notably enhanced flame retardancy in EP 

nanocomposites. A denser percolative network was formed due to its very large aspect ratio, which 

indicated a potential influence of filler aspect ratio on polymer flame retardancy. 

 

Figure 1-4. (a) SEM image and (b) EDX element mapping of CNT@Bi2Se3 [139]; TEM images of 

(c) CNT, (d) CNx doped CNT and (e) COx doped CNT [140]. 

Similar to other layered nanomaterials, the exfoliated graphene nanosheets tend to restack and 

form aggregations in polymer matrix during the compounding process. The surface decoration of 

metal oxide or LDH materials can effectively prevent the aggregation of graphene nanosheets in 

polymer nanocomposites. Hu’s and Wang’s research group have carried out pioneering works on 

the application of graphene/inorganic hybrids in flame retardant polymer nanocomposites, including 
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graphene/SnO2 (or Co3O4) [141], graphene/Ag (or Cu2O or TiO2) [137], graphene/Cu [142], 

graphene/ZnS [136], graphene/LDH [143,144], etc. In the presence of 2 wt% graphene/SnO2 (or 

Co3O4) hybrids (Figure 1-5a-c), a significant improvement of thermal stability was observed in EP 

nanocomposites [141]. The so-called ‘‘tortuous path’’ effect in EP/graphene nanocomposite was 

proposed for the enhanced thermal stability, because the graphene nanosheet retarded the 

permeation of heat and the escape of volatiles. In addition to the reduction of heat release rate, the 

metal oxide decorated graphene also effectively decreased the release of toxic CO and smoke due 

to the catalysis effect of metal oxide. LDH platelets can be deposited on graphene by the one-step 

co-precipitation method [143]. As seen in Figure 1-5g,h, the one-step synthesized rGO/NiFe-LDH 

hybrid displayed a disordered structure in which NiFe-LDH nanoparticles were separately located 

on the graphene nanosheet. In gas phase, the addition of rGO/NiFe-LDH slowed down the release 

of volatile gases, especially hydrocarbons and aromatic compounds. In the condensed phase, the 

presence of rGO/NiFe-LDH contributed to the formation of a compact and insulating char layer to 

protect the underlying polymer materials. To obtain graphene nanosheets uniformly wrapped by 

LDH platelets, metal organic framework (MOF) nanocrystal was employed as sacrificial precursor 

to construct lying and standing LDH nanocages on both sides of graphene (Figure 1-5d-f) [144]. 

The excellent physical barrier and catalytic effects of rGO/NiCo-LDH endowed the EP 

nanocomposites with a significantly reduced peak heat release rate and total smoke production. 

 

Figure 1-5. AFM image of (a) GO, (b) rGO/SnO2, and (c) rGO/Co3O4 [141]; TEM images of (d) 

GO, and (e,f) rGO/NiCo-LDH [144]; TEM images of (g) GO, and (h) rGO/NiFe-LDH [143]. 
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    To further exploit the interfacial catalysis effect, ultrafine Ni(OH)2 nanoparticles were in-situ 

self-assembled on outer surface of dodecylbenzenesulfonate (DBS) intercalated MgAl-LDH. The 

hierarchical LDH-DBS@Ni(OH)2 imparted EP with UL-94 V-0 rating at 3 wt% loading, 

accompanied by remarkable reduction in CO and smoke release. The interface charring catalysis 

acted as the linker between the flame retardant filler (metal oxides from the dehydration of LDH) 

and char residues, which notably improved the integrity and compactness of resultant char layers. 

The interface charring catalysis mechanism for flame retardant EP/LDH-DBS@Ni(OH)2 

nanocomposites is illustrated in Scheme 1-9 [145]. Inspired by this interfacial charring behavior, 

MgAl-LDH loaded with homogeneous NiCo-LDH nanostructure was prepared via a “3D fabrication 

method” [146]. The transition metals in NiCo-LDH catalyzed the polyaromatic reaction of pyrolysis 

products from EP, thus greatly promoting the formation of stable char residues which covered and 

linked the metal oxides derived from MgAl-LDH. 

 

Scheme 1-9. Scheme illustration of the interface charring catalysis mechanism in flame retardant 

EP/LDH-DBS@Ni(OH)2 nanocomposites [145]. 

In addition to the direct decoration of inorganic particles on fillers, some adhesive agents, like 

silane coupling agent, mussel-inspired polydopamine (PDA), can act as the mid-layer (or the highly 
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reactive platform) for further functionalization of various micro-/nano-fillers. In recent years, the 

versatile adhesive capabilities of PDA have inspired numerous attempts to prepare high-efficient 

flame retardants via surface functionalization [149,150]. Due to the existence of abundant catechol 

and amine groups in PDA structures, various transition metal ions can be wrapped on its coating 

layer. The basic idea is: i) Firstly a thin PDA layer is deposited on filler surface via the self-

polymerization of PDA under an alkaline aqueous condition; ii) Metal irons are wrapped on PDA 

layer via the catecholamine-metal chelation; iii) Metal oxide or metal hydroxide nanoparticles on 

filler surface are obtained after thermal treatment. With the assistance of PDA coating, halloysite 

nanotube modified by ultrafine Fe(OH)3 (HNT@PDA@Fe(OH)3, Scheme 1-10a) [151], boron 

nitride nanosheet modified by iron derivations (BN@PDA@Fe, Scheme 1-10b) [152], and boron 

nitride nanosheet modified by SnO2 (BN@PDA@SnO2, Scheme 1-10c) [153] have been prepared 

as high-efficient flame retardants for EP. 

 

Scheme 1-10. Scheme illustration for the preparation routes of (a) HNT@PDA@Fe(OH)3 [151], (b) 

BN@PDA@Fe [152], and (c) BN@PDA@SnO2 [153]. 

Organic filler surface functionalization 

Various organic flame retardants, especially phosphorus-based flame retardants, can be covalently 

grafted on fillers via the surface active groups. As the precursor of graphene, GO contains abundant 

functional groups like epoxy, hydroxyl, and carboxyl groups at the edge area and basal planes [154], 

which provides many active sites for the grafting of functional molecules. For chemically inert CNTs, 
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surface treatment to endow the surface with active groups are needed before it can be further 

functionalized with organic flame retardants. Generally, pristine CNTs can be hydroxylated using 

potassium hydroxide and ethanol [155] or carboxylated by an acid-oxidization procedure [156], as 

shown in Figure 1-6. Besides the decreased heat release rate, the addition of organic flame retardant 

on filler surface also endowed the resultant EP composites with a high LOI value and UL-94 rating. 

For example, EP composites containing 5 wt% molybdenum-phenolic resin (Mo-PR) modified 

CNTs and 8 wt% melamine (MA) displayed a high LOI value of 29.5% and V-0 rating in UL-94 

test [157]. On one hand, the grafted Mo-PR enhanced the filler–matrix interaction and improved the 

dispersion of CNTs in EP matrix. On the other hand, the modified CNTs acted as a cementing agent, 

which improved the integrity of the char layer. With addition of 2 wt% phosphorus-nitrogen 

containing polymer wrapped CNTs (CNT-PD), the EP composites showed a LOI value above 32% 

and a 47% decrement in pHRR in cone calorimeter test [158]. These results proved the effectiveness of 

organic flame retardant functionalization on surface of micro-/nano fillers. Table 1-4 lists some of 

the representative works in organic surface functionalization of fillers for flame retardant EP 

composites. 

 

Figure 1-6. Surface treatment methods of pristine CNT for further functionalization with organic 

flame retardants. (a) Hydroxylated CNT [155]; (b) Carboxylated CNT [156]. 
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Table 1-4. Organic surface functionalization of fillers for flame retardant EP composites. 

Epoxy resin 

/harder 

Type/loading of 

filler (wt%) 

Functional 

layer 
Main performances Ref. 

EP/PA CNT/5, MA/8 Mo-PR 
LOI of 29.5%, V-0 rating in UL-94, 

48% reduction in pHRR by CCT 
[157] 

EP/DDM CNT/4 PD 
LOI above 32%, 47% reduction in 

pHRR by CCT 
[158] 

EP/DDM rGO/10  DOPO 
LOI of 26%, 81% increase in char 

yield by TGA in nitrogen 
[159] 

EP/DDM rGO/10 DPPES LOI of 36%, V-0 rating in UL-94 [160] 

EP/DDM Boron nitride/2.5 CPBP 
LOI of 28.1%, V-0 rating in UL-94, 

27% reduction in pHRR by CCT 
[161] 

EP/DDS Porous ATH/10 
DOPO-

KH560 

LOI of 27.1%, V-0 rating in UL-94, 

59% reduction in pHRR by CCT 
[162] 

EP/Phenolic 

novolac resin 
Glass fiber 

DOPO-

SCA 

LOI of 31%, V-1 rating in UL-94, 

40% reduction in pHRR by CCT 
[163] 

EP/DDM 
Layered black 

phosphorous/2 
PZN 

59% and 64% reduction in pHRR and 

THR by CCT 
[164] 

EP/DDM Silica/5 
PH-

BAPPO 

LOI of 27.5%, 4.3 wt% char yield 

(1.8% for neat EP) by TGA in air 
[165] 

EP/DDM UiO66-NH2/5 Phytic acid 
LOI of 29.1%, V-1 rating in UL-94, 

41% reduction in pHRR by CCT 
[166] 

PD: Poly(phenylphosphonic-4,4′-diaminodiphenyl-methane); PA: Phthalic anhydride; MA: Melamine; 

Mo-PR: Molybdenum-phenolic resin; DPPES: 2-(diphenylphosphino) ethyltriethoxy silane; 

CPBP: Cyclotriphosphazene-containing boronate polymer; 

DOPO-KH560/DOPO-SCA: DOPO-based (3-Glycidyloxypropyl)trimethoxysilane; 

PZN: Polyphosphazene derived from hexachlorocyclotriphosphazene (HCCP) and 4,4′-

diaminodiphenyl ether (ODA); PH-BAPPO: Phosphazene derived from HCCP and bis(4-

aminophenoxy)phenyl phosphine oxide (BAPPO). 
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DOPO, as an organophosphorus flame retardant, can be directly grafted on surface of GO via 

the reaction between the active hydrogen of DOPO and the epoxy groups of GO. After the 

functionalization, DOPO grafted reduced graphene oxide (DOPO-rGO) was obtained [159]. The 

synergistic effect between phosphorus and graphene layer contributed to an excellent flame 

retardancy of EP/DOPO-rGO nanocomposites. Silane containing phosphorous flame retardant can 

be obtained via the reaction between P-H bond of DOPO and epoxy/anime groups of silane coupling 

agents. With the assistance of hydrolyzable silyl groups, the silane containing phosphorous flame 

retardant can be facilely attached to surface of various fillers, like rGO [160], porous ATH [162] 

and glass fiber [163]. Figure 1-7a shows the fabrication process of DPPES functionalized graphene 

nanosheets (DPPES-GON). The resulted EP nanocomposites containing 10 wt% DPPES-GON 

exhibited superior flame retardant properties compared with those control samples containing either 

organic flame retardants or pristine graphene. For instance, epoxy nanocomposites with 10 wt% 

DPPES-graphene showed an LOI value of 36%, whereas its counter parts with the equivalent 

loading of either DPPES or graphene showed an LOI value of 26%, as seen in Figure 1-7b. An 

interfacial charring strategy has been employed in glass fabric reinforced EP composites by grafting 

DOPO-based silane on surface of glass fabrics, as seen in Figure 1-7c. Under combustion, the 

intergrown char residues from the adjacent glass fibers merged and filled up the gaps of the glass 

fabric, resulting in a perfect barrier in the condensed phase (Figure 1-7d,e). 

 

Figure 1-7. (a) Fabrication process of DPPES functionalized rGO and (b) LOI value of the resulting 

EP nanocomposites [160]; (c) Glass fabric grafted with DOPO-based silane, SEM images of glass 

fabric residuals from (d) (EP containing DOPO)/GF, and (e) EP/(DOPO grafted GF) [163]. 
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Polyphosphazene (PZN) are hybrid polymers with a flexible inorganic backbone composed 

of alternating arrangement of phosphorus and organic side groups. A wide variety of 

polyphosphazene polymers can be synthesized by different methods, like thermal ring-opening 

polymerization, solution polymerization process and substitution polymerization [167]. Due to the 

structural flexibility of –P=N– units and existence of active hydroxyl or amino groups, cross-linked 

PZN provides a versatile strategy for surface functionalization and microencapsulation [168]. For 

instance, PZN encapsulated APP with abundant surface –NH2 groups has been prepared and utilized 

as an effective flame retardant for EP. The PZN layer acted as the reactive compatibilizer, which 

facilitated the dispersion of APP in EP matrix [169]. Recently, boron nitride/CPBP [161], layered 

black phosphorene/PZN [164] and silica/PH-BAPPO [165] have been functionalized with 

polyphosphazene materials via the condensation polymerization process. The combined barrier 

effect of inorganic fillers and catalytic charring effect of polyphosphazene materials endowed the 

resulting EP composites with excellent flame retardant properties. Moreover, the PZN coating also 

acted as the coupling reagent to regulate the filler–matrix interface. As a consequence, the improved 

flexural strength, increased storage modulus and higher glass transition temperature were observed 

for EP composites containing boron nitride/CPBP, layered black phosphorene/PZN, silica/PH-

BAPPO, respectively. 

In addition to the above-mentioned surface functionalization strategies, many other attempts, 

like the use of inorganic/organic hybrids [170] and MOFs as functional material [171–173], multi-

step functionalization methods [174–176], have also been carried out to prepare high performance 

flame retardant EP composites. Generally, the main advantages of the surface functionalization can 

be summarized as: i) to increase the filler–matrix interaction, thus improving the dispersion of fillers, 

especially for nano-fillers which tend to form aggregates in polymer matrix; ii) to improve the 

catalytic charring effect, aiming to form a stable and compact char layer in the condensed phase; iii) 

to amplifier the synergistic effect between different flame retardants.  

Though numerous novel high-efficient flame retardants have been synthesized, a deep 

understanding of the flame retardant mechanism was still absent. In many previous researches, the 

enhanced flame retardant efficiency arising from the filler surface functionalization was broadly 

assigned to the formation of stable and compact char layers, which acted as an ideal flame and heat 
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barrier during the combustion process of polymer materials. However, the interfacial behaviors 

which have a significant influence on the material performances have rarely been systematically 

investigated. Based on the above comments, the work in the thesis will be dedicated to the design 

of novel filler functionalization strategies, and to reveal the relationships between filler–matrix 

interface and polymer composite performance. 

1.4 Objective of the thesis  

In consideration of reducing fire hazard of epoxy resin, the objectives of the thesis are to rationally 

prepare high performance flame retardant epoxy resin via filler surface functionalization. Different 

functionalization strategies have been developed for fillers with different morphologies (nanosphere, 

hollow microsphere and micro-fiber) and chemical compositions (polydopamine, glass and carbon). 

To well illustrate how the surface functionalization affects the performances of composite materials, 

the interfacial behaviors, especially the interfacial charring and interfacial strength were 

systematically investigated. To be specific, the main objectives are given as: 

1) To develop effective approaches to improve flame retardancy of EP composites 

The primary objective is to develop novel flame retardant strategies for high performance EP 

composites. Besides the novelty, the following topics are concerned during the investigations: high 

efficiency, environmental friendliness and the balance of crucial material properties. Based on these 

topics, three EP systems have been developed in this thesis: i) Bio-inspired iron-loaded 

polydopamine (Fe-PDA) nanosphere as green flame retardant for epoxy nanocomposite; ii) 

Organic/inorganic hybrid functionalized hollow glass microsphere (HGM) for light-weight flame 

retardant epoxy composite; iii) Organic flame retardant/adhesive coating on carbon fiber (CF) for 

high performance fiber reinforced epoxy composite. 

2) To study the influence of filler surface functionalization on performances of EP composites 

Different strategies have been adopted to functionalize the pristine fillers. The resultant composite 

materials showed notably different performances due to the modified filler surface. The flame 

retardancy, mechanical properties, as well as the thermal properties of the EP composites were 

investigated to study the influence of filler surface functionalization on performances of EP 

composites. In addition to the key performances of EP composites, the morphology and chemical 

composition of the functionalized fillers have been characterized in detail to clearly present the filler 
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surface functionalization strategies. 

3) To study the mechanism behind the improved flame retardancy and mechanical properties via 

filler surface functionalization 

The mechanism underpinning the reinforcement effects is generally attributed to the enhanced 

filler–matrix interactions, as well as the formation of compact char layers during combustion. 

However, the fundamental understanding of interfacial behaviors contributing to the material 

performances still remains unclear due to the paucity of direct experimental data. In this thesis, to 

well illustrate how the surface functionalization affects the performances of composite materials, 

the interfacial behaviors, especially the interfacial charring and filler–matrix interfacial strength will 

be systematically investigated.  



CHAPTER 2  

2 Materials and experimental techniques 

 

“A man who dares to waste one hour of time has not discovered the 

value of life.” 

- Charles Darwin 

 

2.1 Materials 

The following chemicals were purchased from Sigma-Aldrich: Iron (III) chloride hexahydrate 

(FeCl3·6H2O), Cobalt(II) nitrate hexahydrate [Co(NO3)2·6H2O], Nickel(II) nitrate hexahydrate 

[Ni(NO3)2·6H2O], 2-Methylimidazole (2-MIM), dopamine hydrochloride, acetic acid, 

Tris(hydroxymethyl)aminomethane (Tris), Dichloromethane (CH2Cl2), Carbon tetrachloride (CCl4), 

Triethylamine (Et3N), [3-(2-Aminoethylamino)propyl]trimethoxysilane (Z-6020, Dow Corning® 

product) and 4,4′-Diaminodiphenylmethane (DDM) were purchased from Sigma-Aldrich. 2,2-

Diphenyl-1-picrylhydrazyl (free radical, DPPH) was purchased from Alfa Aesar. Ethanol absolute 

(99.5% v/v) and Ethanol-96 (96% v/v) was supplied by ITW Reagents, PanReac AppliChem. DOPO 

was supplied from TCI Chemicals Company. Epoxy resin (Epoxydharz C), epoxy resin MP, 

hardener MP and carbon fabric (200 g/m2) were provided by R&G Faserverbundwerkstoffe GmbH. 

Hollow glass microspheres (HGMs, iM16K) with an approximate median particle size of 20 μm and 

wall thickness of 0.3 μm, were kindly provided by 3M Company. Deionized water was obtained 

from the water purification system by our laboratory. 

2.2 Experimental technique 

Fourier transformation infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was performed on a FTIR spectrometer (Nicolet iS50, TA 

Instrument) from 400 cm−1 to 4000 cm−1 with the resolution of 4 cm−1. The powder specimen was 

milled with KBr and pressed into a pellet. The background spectra was collected with the neat KBr 

pellet before measuring the specimens. The attenuated total reflection-Fourier transform infrared 

(ATR-FTIR) spectroscopy was conducted on the FTIR spectrometer equipped with an ATR element. 
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Thermogravimetric analysis (TGA) 

TGA was performed by the thermal gravimetric analyzer (TA Q50, TA Instrument) from room 

temperature to 800 °C at a heating rate of 10 °C/min in nitrogen or air atmosphere. Specimens with 

approximately the same weight (~10 mg) were used in each TGA test. 

Thermogravimetric analysis-Fourier transform infrared spectroscopy (TG-FTIR) coupled 

analysis 

The evolved gaseous products from polymers under a degradation process were characterized by 

coupling techniques of TGA with FTIR (TGA–FTIR). The evolved volatiles from specimen in TG 

analyzer (Q50) were directed to the gas chamber in FTIR spectrometer (Nicolet iS50) through a 

heated pipe at 300 °C. FTIR spectra was recorded in a range of 4000–500 cm−1 with a 4 cm−1 

resolution and averaging 16 scans. 

X-ray diffraction spectroscopy (XRD) 

X-ray diffraction (XRD) pattern was obtained on the Philip X’ Pert PRO diffractometer using a Cu 

Kα (λ=0.154 nm) radiation. The voltage and current were 45kV and 40mA respectively. The sample 

was scanned at the 2 theta range of 5º-70º.  

X-ray photoelectron spectroscopy (XPS) 

XPS was carried out on VG ESCALAB MK II spectrometer with Al Kα X-ray radiation under the 

voltage of 10 kV and current of 10 mA. 

Raman spectroscopy 

Raman spectra was recorded on the Raman microscopy system (Renishaw PLC) equipped with the 

532 nm Nd:YAG laser using a 1800 lines/mm diffraction grating. 

Scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS) 

SEM/EDS analysis was carried out on FEI Helios NanoLab 600i microscope system. The 

conductive thin gold layer was sputtered on the sample surface prior to SEM observation.  

Transmission electron microscopy (TEM) 

TEM, high resolution TEM (HRTEM), selected area electron diffraction (SAED) and EDS mapping 

of TEM samples were implemented in FEI Talos F200X scanning/transmission electron microscope. 

The particles were dispersed in ethanol by ultrasonication prior being placed on the copper grid.  
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Inductively coupled plasma optical emission spectrometry (ICP-OES)  

Fe(III) concentration in Fe-PDA nanosphere was determined by ICP-OES (Varian Vista Pro). The 

metal was first stripped from Fe-PDA by HNO3 prior to quantification by ICP-OES. 

Electron paramagnetic resonance spectroscopy (EPR) 

The electron paramagnetic resonance spectrometer (EPR, Bruker A200) was used to study the EPR 

characteristics of the synthesized nanoparticles. The experiments were carried out at room 

temperature with a 9.64 GHz microwave frequency, 10 mW microwave power and 2 G modulation 

amplitude.  

Free radical scavenging activity 

DPPH free radical scavenging activity of the synthesized nanomaterials was measured according to 

the previously reported method [177,178]. Firstly, 0.1 mM of DPPH solution in ethanol was freshly 

prepared. Then 200 μL ethanol solution containing 40 and 80 μg Fe-PDA (or DOPO modified Fe-

PDA) was mixed with 4 mL DPPH solution. After 20 min in the dark, UV–Vis spectrum of the 

sample solutions was measured between 200–800 nm by UV-2600 Shimadzu spectrophotometer. 

The radical scavenging activity (I) was derived from the change of absorbance values at 516 nm, 

given by 𝐼 = [1 − (𝐴𝑖 − 𝐴𝑗)/𝐴𝑐] × 100%, where Ac and Ai were the absorbance values of DPPH 

solution in the absence and presence of the samples, respectively, Aj was the absorbance of samples 

in ethanol without DPPH. 

Differential scanning calorimeter (DSC) 

Non-isothermal DSC test of the curing reaction of EP and its nanocomposites was carried by 

differential scanning calorimeter (TA Q200) from 0 to 280 °C, with a heating rate of 10 °C/min in 

N2 atmosphere. Samples with approximately the same weight (~10 mg) were used in each test. 

Limit oxygen index (LOI) 

The LOI value is defined as the minimum volume fraction of oxygen in a flowing mixture of oxygen 

and nitrogen that will support the flaming combustion of plastics under specified test conditions. In 

this test, support means either the period or the extent of burning after ignition exceed the relevant 

limits (180 s and 50 mm, respectively), according to ISO 4589-1:2017 and ASTM D2863-13 

[179,180]. The size of specimen was 125 mm × 6.5 mm × 3.2 ± 0.1 mm. The LOI test is one of the 
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most important quality control methods in both laboratory and industry to develop flame retardant 

polymer materials because of the convenient test method and small specimen size.  

UL-94 vertical burning test 

UL-94 vertical burning test is a small-scale fire test for determining comparative burning 

characteristics of solid-plastic material, using a 20 mm (50 W) premixed flame applied to the base 

of specimens held in a vertical position, according to ISO 9773:1998 and ASTM D3801-10 

[181,182]. The testing procedure consists of applying two times 10 second flame to a set of 

specimens. The afterflame time (t1) after the first flame, the afterflame time (t2) and afterglow time 

(t3) after the second flame application are recorded. The specimen is classified as V-0, V-1 or V-2 

rating according to the classification listed in Table 2-1. The size of specimen was 125 mm × 13 

mm × 3.2 ± 0.1 mm. The UL-94 results can serve as a preliminary indication of the material’s 

acceptability with respect to flammability for a particular application. However, the smoke and heat 

release rate are not evaluated by this test. 

Table 2-1. Classification in UL-94 vertical burning test. 

Criteria conditions V-0 V-1 V-2 

Afterflame time for each specimen, (t1 or t2) ≤10 s ≤30 s ≤30 s 

Total afterflame time (t1 plus t2) for the five 

specimens 

≤50 s ≤250 s ≤250 s 

Afterflame plus afterglow time for each specimen 

after the second flame application (t2 plus t3) 

≤30 s ≤60 s ≤60 s 

Afterflame or afterglow of any specimen up to the 

holding clamp 

No No No 

Cotton indicator ignited by flaming particles or drops No No Yes 

Cone calorimeter test (CCT) 

Cone calorimeter test (CCT) is the most significant bench-scale test for evaluating combustion 

behaviors of polymeric materials under a real fire condition. In CCT, the specimen is exposed to a 

controlled level of irradiance with an external igniter, as shown in Scheme 2-1. The heat release rate 

(HRR) is determined by the oxygen consumption during combustion of specimen. The smoke 

production rate (SPR) is calculated from measurement of the attenuation of a laser light beam by 
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the combustion product stream. Other parameters, e.g., the time to ignition, the specimen weight 

change during combustion, the production of CO and CO2, are also measured in this test. Among 

those, the value of peak heat release rate (pHRR) is regarded as one of the most important parameters 

for evaluating the flame retardant properties of materials. The tests were carried out on a Fire Testing 

Technology (FTT) cone calorimeter apparatus under an external heat flux of 50 kW/m2. The size of 

specimen was 100 mm × 100 mm × 4 ± 0.2 mm and each sample was tested twice in the same 

conditions. 

 

Scheme 2-1. Scheme illustration of the cone calorimeter test for polymer specimens. 

Dynamic mechanical analysis (DMA) 

DMA was operated on the Q800 DMA (TA Instruments, USA) from room temperature to 220 °C at 

a heating rate of 3 °C/min. Single cantilever mode was selected with the amplitude of 20 μm and 

frequency of 1 Hz. The size of specimen was 30 mm × 10 mm × 2 ± 0.1 mm. 

Tensile test 

Tensile test was performed on the universal electromechanical testing machine (INSTRON 3384, 

Instron) according to standard ASTM D638 with a crosshead speed of 1 mm/min. At least 5 samples 

were tested to obtain a reliable results. The “dog bone” shaped specimens with a thickness of 2 ± 

0.1 mm, a width of 5 mm and a gauge length of 30 mm were tested. 

Nanoindentation test 

The indentation test was carried out on the Hysitron TI950 Triboindenter with a 5 um diameter flat-

punch indenter. Specimen surface was prepared by mechanical grinding using silicon carbide papers 
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and polishing on the velvet cloths (NAP Struers).  

    For EP/hollow glass microsphere composites: The indentation test was carried out by loading 

on the wall of HGM with a flat-punch indentor until a certain displacement, as illustrated in Scheme 

2-2a. The applied load (P) and displacement (u) were continuously monitored during the test, and 

the representative load versus displacement curve (P-u) was depicted in Scheme 2-2b. The 

maximum loading displacement was set at 3 um with a loading rate 100 nm/s. 

 

Scheme 2-2. (a) Schematic of the indentation test, and (b) representative load–displacement curve 

in EP/HGM composite. 

For carbon fabric/EP composites: The indentation test was carried out by loading on the center 

of carbon fiber with a flat-punch indenter until a certain displacement. The maximum loading 

displacement was 1.5 um with a loading rate 100 nm/s. At least five points were tested for each 

specimen. The interfacial strength (τ) was calculated according to the shear lag model [183–185]: 

                              𝜏 =
𝑆0𝑃0

2𝜋2𝑟3𝐸1
𝑓                               (11) 

where 𝐸1
𝑓
 stands for the longitudinal elastic fiber modulus, r is the fiber radius, 𝑆0 is the stiffness 

of the elastic region in the P–u curve, and 𝑃0 is the critical load at the onset of nonlinearity, Pc. 

 

Scheme 2-3. Schematic of the fiber push-in test for CF/EP composites.



CHAPTER 3 

3 Iron-polydopamine nanosphere as green flame retardant for epoxy 

nanocomposite 

 

“Imagination is more important than knowledge.” 

- Albert Einstein 

3.1 Introduction 

Dopamine, a natural material inspired by marine mussel byssus, has received a fair amount of 

attention since its versatile adhesive capabilities were reported in 2007 [186,187]. Under an alkaline 

environment, dopamine can spontaneously polymerize and form a thin polydopamine (PDA) layer 

on various surfaces [188,189]. The material-independent surface coating capability of PDA have 

been used in many fields, including surface engineering of fillers for polymer composites [190–

195]. For instance, PDA could be coated on graphene [196], clays [197], glass fibers [198], and 

hence, to improve interactions between the fillers and polymer matrix.  

    In addition to its unique adhesive properties, dopamine can be directly polymerized into 

nanoparticles without the use of template [199]. These melanin-like nanoparticles have proved to 

be appealing materials used in biomedical [200], catalysis [201], and free radical quenching [177]. 

Besides, transition-metal containing PDA bulk materials could be formed if transition-metal ions, 

such as Fe3+, Mn3+, Ni2+, were added into the reaction media used for dopamine polymerization 

[202–204]. It is also suggested that metal complexes can be better free radical scavengers than the 

parent ligand materials [205,206]. Moreover, transition metal compounds, especially iron 

compounds, was found to efficiently catalyze the charring process of polymer materials (e.g., epoxy 

resin) during combustion [133].  

    It is always challenging but desirable to develop nontoxic and highly efficient flame retardants 

for polymer composites, in order to reduce the occurrence of fire accidents and fire-related fatalities. 

PDA, as well as PDA/graphene oxide (GO) nanocoatings have been applied on macroporous 

flexible polyurethane (PU) foam to obtain coated PU foam with high flame retardancy [207,208]. It 

is suggested that the char formation and free radical scavenging actions of PDA coatings enabled 
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the flame retardant foams with a reduced peak heat release rate. By the surface PDA coating, highly 

flame retardant sponges [209,210], cotton fabrics [211,212], and flexible film [213] were also 

successfully prepared. In our group, with the assistance of PDA layer, halloysite nanotubes [151], 

boron nitride nanosheets [152] and flax fibers [149] have been functionalized to prepare polymer 

composites with significantly enhanced flame retardancy. However, it is worth noting that, instead 

of being the functional flame retardant additives, the thin PDA coatings were mainly exploited as a 

versatile platform for further functionalization of the fillers. It was mainly the fillers, as well as the 

coated flame retardants, which exhibited the flame retardant actions in polymer composites. 

Generally, it is considered that flame retardants act chemically and/or physically in the gas 

and/or condensed phase [17,22,214]. The Fe(III)-chelated PDA material, which is intrinsically eco-

friendly and biocompatible, with high free radical scavenging and catalytic carbonization abilities, 

might play the role of an efficient flame retardant in both gas and condensed phase. With this point 

of view, the facile one-pot synthesized iron-loaded PDA (Fe-PDA) nanospheres were adopted as the 

flame retardants for epoxy resin (EP). To investigate the influence of free radical scavenging ability 

on the flame retardant effectiveness, a commercially available, phosphorus-containing flame 

retardant (9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide, designated as DOPO) was used 

to modify Fe-PDA by the one step Atherton-Todd reaction (DOPO@Fe-PDA), in order to alter its 

free radical scavenging ability [71,73]. The free radical scavenging ability of Fe-PDA and 

DOPO@Fe-PDA, as well as the flame retardancy of corresponding EP composites were investigated 

to prove the hypothesis: the free radical scavenging action contributes to the extinguishment of 

flame in gas phase. In addition, detailed analysis of char residues after cone calorimeter test were 

performed to investigate the catalytic charring capabilities of Fe-PDA in EP composites. 

3.2 Experimental 

3.2.1 Synthesis of Fe-PDA nanospheres 

Fe-PDA nanospheres were prepared using the previously reported method with slight modifications. 

[215] In brief, 2 g Dopamine hydrochloride was firstly dissolved in 1000 mL DI water. 0.95 g 

FeCl3·6H2O (3.52 mmol) and 2.42 g Tris (20 mmol) were then added into the solution. The reaction 

mixture was continuously stirred under room temperature for 48 h. The black solid products (Fe-
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PDA) were gathered by centrifugation and rinsed by deionized water and ethanol at least three times 

before drying in a vacuum oven. To verify the monodisperse of iron element in Fe-PDA nanospheres, 

carbonized samples (Fe/C-PDA) were obtained in a tube furnace at 650 °C for 2 h under argon 

atmosphere. Fe/C-PDA-2.5, Fe/C-PDA-5 and Fe/C-PDA-10 represent samples carbonized under 

different heating rates (2.5, 5 and 10 °C/min, respectively). 

3.2.2 Synthesis of DOPO@Fe-PDA nanospheres 

2.5 g Fe-PDA was firstly added into 20 mL dichloromethane. The mixture was continuously stirred 

for 30 min and followed by 15 min ultrasonic treatment to prevent the aggregation of nanospheres. 

Then excess DOPO (5 g, 23.1 mmol) and Et3N (3.2 mL, 23.1 mmol) were dissolved in the above 

mixture, stirred and cooled to 5 °C with an ice bath. After cooling down, CCl4 (2.2 mL, 23.1 mmol) 

dissolved in 10 mL dichloromethane, was added dropwise to ensure that the reaction temperature 

did not exceed 10 °C. After the addition was complete, the reaction was allowed to warm up to room 

temperature and the stirring was continued for 10 h. The reaction mixture was washed three times 

with water and ethanol separately to remove the excess initial reactants and triethylamine 

hydrochloride by centrifugation. Finally, the product (DOPO@Fe-PDA) was obtained after drying 

overnight in a vacuum oven at 60 °C. 

3.2.3 Preparation of EP nanocomposites 

Different loadings of Fe-PDA (1, 3 and 5 wt%) and 3 wt% DOPO@Fe-PDA were adopted to prepare 

EP nanocomposites. The typical preparation process of composite containing 3 wt% Fe-PDA 

(EP/3Fe-PDA) is illustrated below: Firstly, 3 g Fe-PDA was firstly added into 30 mL acetone under 

ultrasonic treatment for 30 min. Then 75.7 g EP was added into the suspension with 1 h mechanical 

stirring. To fully remove the acetone, the above mixture was heated to 70 °C under rotary vacuum 

evaporator for at least 4 h. After that, 21.3 g DDM was added into the mixture at 90 °C under stirring. 

Finally, the obtained EP composite (100 g) was cured in a silicone mould at 100 and 150 °C for 2 h, 

respectively. The preparation of neat EP and other EP composites followed a similar procedure, 

except the amount and type of fillers. The full experimental design from synthesis of Fe-PDA 

nanospheres to preparation of EP nanocomposites is illustrated in Scheme 3-1. 
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Scheme 3-1. Scheme illustration of the preparation of Fe-PDA and its derived materials. 

3.3 Results and discussion 

3.3.1 Characterization of Fe-PDA and its derived nanomaterials 

The obtained Fe-PDA nanomaterials were characterized by scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) to quantify the morphology and element composition. 

As shown in Figure 3-1, Fe-PDA particles are uniformly spherical in shape, with diameters ranging 

from 80 to 140 nm. The selected area high-angle annular dark field (HAADF) coupled with energy-

dispersive X-ray spectroscopy (EDS) proves the existence of Fe, N and O element in the 

nanospheres (Figure 3-1e). The atomic ratio of Fe to N is 1:4.1, which represents the ratio between 

Fe3+ (molecule weight 56) and dopamine structure (molecule weight 153), indicating approximately 

8.2 wt% of iron element in Fe-PDA nanospheres. ICP-OES results show the Fe(III) concentration 

is 8.10±0.03 wt% in Fe-PDA. As shown in Figure 3-2, after thermal decomposition in air, the 

remaining weight percentage of red-brown solid (mainly Fe(III) oxide with a molecule weight of 80 

g/mol [216]) is 12.6 wt% at 700 °C, indicating 8.8 wt% of iron in Fe-PDA, which is close to the 

EDS and ICP-OES results. 
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Figure 3-1. (a,c) SEM images, (b,d) TEM images, (e) HAADF image and the corresponding 

element mappings of Fe-PDA nanospheres. 

 

Figure 3-2. TGA curve of Fe-PDA under air atmosphere. 

XPS analysis was employed to analyse the elemental chemical states in Fe-PDA. Figure 3-3a 

shows the survey spectra of Fe-PDA, revealing the presence of Fe, N, O, as well as C in the 

nanospheres. The Fe 2p spectrum (Figure 3-3b) can be divided into two peaks with the binding 

energies of 724.8 and 711.2 eV, corresponding to Fe 2p1/2 and Fe 2p3/2, respectively. According to 
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previous literatures, these peak locations (724.8/711.2 eV) indicate the iron element in Fe-PDA 

mainly exists in the ferric state, not ferrous state [217,218]. The two dominant intensities (Figure 

3-3c) at 400.4 and 398.8 eV deconvolved from the N 1s peak are attributed to N–H and N=C 

respectively [219], proving the abundant amino groups at the surface of Fe-PDA, which might 

facilitate the interactions between nanospheres and EP matrix. Moreover, the deconvolution of O 1s 

peak in Figure 3-3d exhibits O=C (533.2 eV), O−C (531.6 eV) and O−Fe (529.9 eV) signals [220], 

indicating the coordination bonds between ferric ions and catechol groups from surface of PDA. 

 

Figure 3-3. (a) XPS survey spectra of Fe-PDA and the corresponding high-resolution XPS spectra 

of (b) Fe 2p, (c) N 1s and (d) O 1s. 

The structure of PDA materials has proved difficult to unambiguously elucidate, and different 

molecular models have been proposed [221,222]. In this study, to verify that Fe(III) is continuously 

incorporated into the Fe-PDA as it forms, not merely being chelated at the surface, distribution of 

iron element in the carbonized samples (Fe/C-PDA) were studied under TEM. As shown in Figure 

3-4a-c, after calcination, the ultrafine iron containing particles (average size less than 10 nm) are 

evenly embedded throughout the Fe/C-PDA-2.5 nanospheres, indicating a uniform distribution of 
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iron in the original Fe-PDA. The HRTEM image (Figure 3-4d) of the ultrafine particle shows the 

lattice fringe with a plane spacing of 0.21 nm, corresponding to the (211) lattice plane of Fe3C. The 

SAED pattern (Figure 3-4e) and XRD analysis (Figure 3-4f) confirm the formation of Fe3C and 

graphitic carbon in Fe/C-PDA-2.5. Additionally, it is interesting to note that the heating rate in 

calcination process greatly influences the structure of carbonized samples. Under the fast heating 

rates (5 and 10 °C/min), the obtained Fe/C-PDA-5 and Fe/C-PDA-10 nanospheres show much larger 

and irregular iron containing particles, as shown in Figure 3-5. 

 

Figure 3-4. (a) TEM image, (b) HAADF image, (c) Fe element mapping, (d) HRTEM image, (e) 

SAED pattern and (f) XRD spectrum of carbonized Fe/C-PDA-2.5 nanospheres. 

 

Figure 3-5. TEM images and Fe element mapping of (a-c) Fe/C-PDA-5, (d-f) Fe/C-PDA-10. 



CHAPTER 3 IRON-POLYDOPAMINE NANOSPHERE 

 

43 

 

DOPO@Fe-PDA was synthesized via the Atherton-Todd reaction among –OH, –NH2 in Fe-

PDA and P–H in DOPO. It was characterized by TEM, FT-IR spectroscopy, TGA, and EPR 

spectroscopy. TEM image (Figure 3-6) shows that DOPO@Fe-PDA preserves the spherical 

morphology. The element mapping and EDS analysis confirm the existence of P element in 

DOPO@Fe-PDA nanospheres.  

 

Figure 3-6. (a) TEM image, (b) element mappings and (c) EDS spectra of DOPO@Fe-PDA. 

As shown in Figure 3-7a, the IR spectrum of Fe-PDA shows adsorption peaks at 1596, 1467 

cm-1 and 1371, 1298 cm-1, which can be attributed to its indole and phenolic groups, respectively 

[223,224]. New peaks at 1440, 1202 and 759 cm-1 assigned to P-Ph, P=O and P–O–Ph, respectively, 

are clearly observed in DOPO@Fe-PDA [225,226]. Meanwhile, the absorption peak at around 2434 

cm-1, which is assigned to the P-H bond in DOPO, disappears in spectrum of DOPO@Fe-PDA, 

indicating the successful reaction among P–H in DOPO and phenolic hydroxyl/amino groups in Fe-

PDA [227]. DOPO@Fe-PDA exhibits a significantly higher thermal stability compared to Fe-PDA 

(Figure 3-7b), which is attributed to the formation of more thermally stable 

phosphonate/phosphonamidate derivatives [75]. EPR spectra of the samples were collected at room 

temperature (Figure 3-7c). The two samples show similar EPR curves, with a wide peak at 1580 G 

(g = 4.3) which is assigned to the high-spin Fe(III) in sites of low symmetry. Meanwhile, a very 
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broad spectrum centered at 3280 G (g = 2.1) is clearly observed, indicating a high iron loading level 

in the nanomaterials [228]. The characteristic free radical signal of polydopamine materials cannot 

be observed, which is likely owing to the high loading level of Fe(III). As previously reported, the 

magnetic interaction between paramagnetic transition metal ions and free radicals leads to a loss of 

EPR signal amplitude in melanin-like materials [229]. 

 

Figure 3-7. (a) FT-IR spectrums, (b) TGA curves, (c) EPR spectrums and (d) UV–Vis spectral 

change upon addition of Fe-PDA and DOPO@Fe-PDA in DPPH assay. 

The radical scavenging capability of Fe-PDA and DOPO@Fe-PDA was further investigated 

by employing DPPH assay along with UV–Vis spectroscopy. By monitoring the decline in 

absorbance at 516 nm corresponding to DPPH free radicals, the radical scavenging activity of the 

prepared nanomaterials can be evaluated. Figure 3-7d shows that the absorbance at 516 nm 

decreased with the addition of synthesized nanoparticles to DPPH solution. The absorbance signal 

nearly disappeared when 80 μg Fe-PDA was added into the DPPH solution. The calculated radical 

scavenging activity of DOPO@Fe-PDA (41% at 40 μg and 51% at 80 μg) is significantly lower 

compared to that of Fe-DPA (60% at 40 μg and 86% at 80 μg). The high radical scavenging 
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capability of Fe-PDA is mainly attributed to its unique catecholamine moieties [230]. The Atherton-

Todd reaction greatly consumes the catecholamine groups at surface of Fe-PDA, thus effectively 

decreasing its ability to scavenge free radicals. 

3.3.2 Thermal analysis of EP/Fe-DPA nanocomposites 

The thermal stability of EP/Fe-DPA composites, as well as the catalytic charring ability of Fe-PDA 

in EP was studied by thermogravimetric analysis (TGA) under nitrogen atmosphere. As shown in 

Figure 3-8, the addition of Fe-PDA decreased the onset degradation temperature (temperature at 5% 

weight loss) of EP. According to previous TGA results, the high iron loading Fe-PDA shows a 

weight loss of around 40 wt% at 340 °C (which is the onset degradation temperature of EP) in 

nitrogen atmosphere. The active radicals decomposed from Fe-PDA might subsequently attack the 

polymer substrate, thus decreasing its onset degradation temperature [42,231]. In terms of char yield 

at 700 °C, EP/Fe-PDA possessed significantly higher residue weights compared to neat EP. Notably, 

the residue weight of EP increased from 16.3 to 20.2 wt% with the addition of 1 wt% nanofillers, 

which demonstrated the strong catalytic charring ability of Fe-DPA in EP system. The maximum 

weight derivation of EP decreased from 2.45 to 1.62, 1.56, and 1.80 wt%/°C with the increasing Fe-

PDA loading (1, 3 and 5 wt%, respectively). It is found that the maximum weight derivation was 

not further decreased with a higher Fe-PDA loading. And in the meanwhile, with additional Fe-PDA 

in EP, the char yield at 700 °C increased merely from 22.0 (EP/3Fe-PDA) to 22.9 wt% (EP/5Fe-

PDA). These results suggested that an excess amount of Fe-DPA in EP did not contribute to higher 

charring efficiency. On one side, it could be due to the aggregation of Fe-PDA nanospheres in EP 

matrix at a high loading level. On the other side, the catalyst charring efficiency might be decreased 

when the amount of metallic catalysis was above the maximum effective loading. Fe-PDA might 

behave more like the “accelerator” than “retarder” in the decomposition of epoxy at a high loading 

level [232]. 
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Figure 3-8. (a) TGA and (b) DTG curves of EP and its nanocomposites. 

3.3.3 Fire behavior of EP/Fe-DPA nanocomposites 

The LOI and UL-94 tests were used to evaluate the flammability of EP/Fe-PDA nanocomposites in 

small-scale fire test conditions. As shown in Table 3-1, neat EP owned a low LOI value of 25.6%. 

The addition of Fe-PDA significantly increased the LOI value of EP composites, even at a low 

loading level. Neat EP burned fiercely once ignited in UL-94 test. EP/Fe-PDA showed notably 

improved ability to self-extinguish after the ignition flame was removed. EP composites with 1 and 

3 wt% Fe-PDA were rated as V-1, and further to V-0 with 5 wt% additive. The low flammability 

displayed by EP/Fe-PDA in LOI and UL-94 tests was mainly attributed to the flame inhibition effect 

in gas phase. More specifically, during the combustion, Fe-PDA owned the ability to scavenge 

nearby free radicals that typically evolved extra fuel for the flame as they attack polymer materials. 

As a proof of the free radical scavenging action, the LOI value of EP/3DOPO@Fe-DPA was 27.3%, 

evidently lower than 30.5% of EP/3Fe-DPA. In the meanwhile, EP with 3 wt% DOPO@Fe-DPA 

showed no rating in UL-94. The decreased flame retardant efficiency well corresponded to the 

declined radical scavenging capability of DOPO@Fe-PDA in comparison with Fe-PDA. In addition 

to the radical scavenging activity in gas phase, the catalytic charring effect in condensed phase also 

contributed to the improved flame retardancy of EP/Fe-PDA composites. The intensive 

carbonaceous layers at surface of specimens well protected the underlying materials during 

combustion, thus facilitating the extinguishment of flame. 
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Table 3-1. LOI and UL-94 results of EP and its nanocomposites. 

Sample UL-94 rating t1/t2a (s) LOI (%) 

EP No rating >30/-b 25.6 

EP/1Fe-DPA V-1 20/8 28.5 

EP/3Fe-DPA V-1 15/3 30.5 

EP/5Fe-DPA V-0 5/1 31.6 

EP/3DOPO@Fe-DPA No rating >30/-b 27.3 

a t1/t2: average flame time after the 1st/2nd time ignition; 

b -: no 2nd time ignition applied. 

For a more detailed study of flame retardancy, cone calorimeter test was carried out for EP/Fe-

PDA samples. The heat release rate (HRR), total heat release (THR), total smoke release (TSR) and 

residue weight curves are displayed in Figure 3-9. As shown in Figure 3-9a, neat EP exhibited a 

sharp peak heat release rate (pHRR) at 1285±32 kW/m2. In the presence of Fe-PDA, the pHRR 

dropped distinctly to 1023±41, 780±19 and 760±29 kW/m2 for EP/1Fe-PDA, EP/3Fe-PDA and 

EP/5Fe-PDA, respectively. In contrast to EP with a continuously rising heat release rate, the flame 

retardant composites experienced an obvious drop before reaching to the peak, which was due to 

the build-up of carbonaceous layers during combustion. The char layers acted as a physical barrier 

which slowed down the transmission of oxygen and volatiles, thus effectively decreasing the heat 

release rate of burning composites. No sharp heat release rate peaks were observed for EP/3Fe-PDA 

and EP/5Fe-PDA, which indicated the formed char layers were robust enough to protect the 

underlying materials. In addition, the total heat release of EP composites was gradually reduced with 

the increasing loading level of Fe-PDA (Figure 3-9b). This can be explained by the enhanced char 

formation and decreased amount of fuel supply in EP/Fe-PDA system. Meanwhile, in Figure 3-9c, 

EP/3Fe-PDA displayed a 17% decrease in total smoke release compared to neat EP. Similar to the 

TGA results, an increased residue weight was observed for EP with Fe-PDA (Figure 3-9d), which 

was in accordance with the enhanced charring ability of EP/Fe-PDA composites. Based on these 

results, it was concluded that Fe-PDA nanospheres showed a high flame retardant efficiency in EP 

matrix.  
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Figure 3-9. (a) Heat release rate, (b) total heat release, (c) total smoke release and (d) residue weight 

vs time curves of EP and its nanocomposites. 

    It is worth mentioning that, EP/3Fe-PDA and EP/3DOPO@Fe-PDA showed a similar HRR 

curves (Figure 3-10a), as well as the similar TGA curve in N2 atmospheres (Figure 3-11). The free 

radical scavenging ability did not exhibit an obvious influence on the heat release rate. However, 

more smoke production was observed for EP/3DOPO@Fe-PDA compared to EP/3Fe-PDA (Figure 

3-10b), further demonstrating the low performance of DOPO@Fe-PDA as flame retardant in EP. 

 

Figure 3-10. (a) Heat release rate and (b) smoke production rate curves of EP, EP/3Fe-PDA and 

EP/3DOPO@Fe-PDA. 
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Figure 3-11. TGA results of EP, EP/3Fe-PDA and EP/3DOPO@Fe-PDA in N2 atmosphere. 

The gaseous products released during the thermal decomposition of EP and EP/3Fe-PDA were 

characterized by TG-FTIR. Figure 3-12a showed the Gram–Schmidt curves corresponding to TG-

FTIR analysis of EP and EP/3Fe-PDA. The peak area after base line correction was calculated to be 

3.3 and 2.1 for EP and EP/3Fe-PDA, respectively. The decreased peak area qualitatively reflected 

less gaseous products were released from EP/3Fe-PDA, which was consistent with the reduced 

maximum weight derivation in DTG curves [233]. The detailed FTIR spectra of evolved gaseous 

products at different decomposition stages are displayed in Figure 3-12b-d. The similar FTIR 

spectra for EP and EP/3Fe-PDA at the maximum decomposition stage indicated the addition of Fe-

PDA did not greatly alter the thermal decomposition route of EP. While obviously strengthened 

peaks at 1261 and 1177 cm-1 were observed for EP/3Fe-PDA at the initial and growing 

decomposition stages. Those two peaks for EP/3Fe-PDA at initial decomposition stage were mainly 

assigned to the stretching vibrations (1261 cm-1) and bending vibrations (1177 cm-1) of the phenolic 

groups decomposed from Fe-PDA [224,234]. In LOI and UL-94 tests, the phenolic compounds (e.g., 

catechol) were continuously released at the early decomposition stages, which greatly contributed 

to the extinguishment of flame via free radical scavenging action in gas phase. In terms of cone 

calorimeter test, the combustion process only started after the early decomposition of EP/Fe-PDA. 

Rapid and fierce decomposition process happened under the forced-flaming combustion by external 

radiation (787 °C). Under the high temperature, the catecholamine moieties from Fe-PDA were not 

thermally stable and quickly turned into fuel for the flame, thus exhibiting a very limited flame 

retardant effect in gas phase. 
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Figure 3-12. (a) The Gram–Schmidt curves corresponding to TG-FTIR analysis of EP and EP/3Fe-

PDA, FTIR spectra of evolved gaseous products at different decomposition stages: (b) initial stage, 

(c) growing stage, (d) maximum stage. 

To investigate the charring ability of Fe-PDA in EP during combustion, char residues of the 

specimens after CCT were collected for further characterizations. Digital photos of the char residues 

are shown in Figure 3-13. Only a few scattered char pieces were observed for EP, while the char 

residues showed compact and multiple layered morphologies in the presence of Fe-PDA.  

 

Figure 3-13. Digital photos of residues after cone calorimeter test from top and side views for (a,e) 

EP, (b,f) EP/1Fe-PDA, (c,g) EP/3Fe-PDA and (d,h) EP/5Fe-PDA. 
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SEM and Raman analysis were performed to study the microstructure and composition 

differences among residues from neat EP and EP composites. In contrast to neat EP (Figure 3-14a), 

char layers of EP/Fe-PDA nanocomposites (Figure 3-14b-d) showed a more dense morphology 

under SEM. Interestingly, submicron spherical particles were observed in EP/1Fe-PDA and EP/3Fe-

PDA. The enlarged SEM image and Fe element mapping (insets of Figure 3-14g) revealed the 

particles were iron-enriched, which might be formed due to the catalytic carbonization effect of Fe-

PDA. Meanwhile, microstructure differences can be observed between the residues with different 

flame retardant loadings in a high-magnification SEM images. EP/3Fe-PDA possessed a continuous 

and homogeneous morphology (Figure 3-14g) even under the high-magnification, while nano-sized 

pores and cracks were observed in EP/1Fe-PDA (Figure 3-14f) and EP/5Fe-PDA (Figure 3-14h), 

respectively. The morphology differences can be further checked in a higher-magnification SEM 

images (Figure 3-15). The nano-pores in EP/1Fe-PDA can be explained by the lack of char residue 

due to the limited amount of flame retardant. In terms of the nano-cracks in EP/5Fe-PDA, a possible 

reason was the excessive metal catalysis in the composites. According to the previous literature, 

continuity and homogeneity of the char structures might be disrupted when the amount of metallic 

catalysis was above the maximum effective loading [235]. The Raman curves of char residues 

(Figure 3-14i-l) showed two representative peaks at 1355 and 1590 cm−1, assigned to D and G peak, 

respectively. Ratio of the intensity of D peak to G peak (ID/IG) was used to evaluate the graphitization 

degree of char residue. The ID/IG value of neat EP was 2.5, whereas EP nanocomposites presented a 

much lower ID/IG value (2.1 for EP/3Fe-PDA and EP/5Fe-PDA), revealing a higher graphitization 

degree due to the catalytic charring effect [164]. 
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Figure 3-14. SEM images and Raman spectra of residues for (a,e,i) EP, (b,f,j) EP/1Fe-PDA, (c,g,k) 

EP/3Fe-PDA and (d,h,l) EP/5Fe-PDA. 

 

Figure 3-15. High-magnification SEM images of residues for (a) EP/1Fe-PDA, (b) EP/3Fe-PDA 

and (c) EP/5Fe-PDA. 

The char residue of EP/3DOPO@Fe-PDA showed a compact and dense morphology in digital 

photos (Figure 3-16a,b) and SEM images (Figure 3-16d-f), which was responsible for the reduced 

heat release rate in cone calorimeter test. Raman curve (Figure 3-16c) of residue from 

EP/3DOPO@Fe-PDA exhibited a low ID/IG value of 2.0. The differences in line shapes of Raman 

spectra and SEM morphologies between residue from EP/Fe-PDA and EP/DOPO@Fe-PDA 

indicated the different char formation processes during combustion. In EP/3DOPO@Fe-PDA, the 

phosphorus remaining in the condensed phase helped reduce the heat release rate by enhancing the 

charring of polymer and formation of stable polyphosphate structures, which is well understood in 

other researches related to phosphorus based polymer flame retardancy [236]. 
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Figure 3-16. (a,b) Digital photos, (c) Raman curve and (d-f) SEM images of char residue from 

EP/3DOPO@Fe-PDA. 

Furthermore, TEM images of the residue pieces of EP/3Fe-PDA (Figure 3-17) clearly showed 

the char layer was embedded with well-dispersed iron containing nanospheres. According to XRD 

spectra (Figure 3-17b), different iron containing substances, like Fe3O4, Fe3C and Fe were formed 

after combustion of the flame retardant composite. During combustion, Fe(III) in Fe-PDA 

nanospheres might react with nearby hydrocarbon materials, forming Fe3C. In the presence of air 

and volatile products degraded from EP, it can be further oxidized to Fe3O4 and reduced to Fe, 

respectively [134]. 

 

Figure 3-17. (a) TEM image, (b) XRD spectra, (c) C, Fe element mapping and (d,e) HAADF images 

of EP/3Fe-PDA residue after cone calorimeter test. 
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Based on above results and analysis, the flame retardant mechanism of Fe-PDA in EP 

nanocomposite is proposed in Scheme 3-2. The iron-loaded PDA nanospheres, with both free 

radical scavenging and catalytic charring abilities, acted as highly effective flame retardant in both 

gas phase and condensed phase. The combustion of polymer material strongly depended on the 

concentration of highly reactive radicals (like H•, OH•) that provide additional fuels to sustain the 

flame. Fe-PDA might slow down the radical chain reactions by scavenging nearby H•/OH• radicals, 

thus facilitating the extinguishment of flame. The improved LOI value and UL-94 rating of the 

flame retardant composites were mainly contributed to the flame inhibition action. In condensed 

phase, Fe-PDA effectively promoted the charring process of EP, leading to the formation of compact 

and dense char layers at materials surface. This physical barrier delayed the mass and heat transfer 

in combustion, which significantly reduced the heat release rate of materials in cone calorimeter test. 

 

Scheme 3-2. Schematic illustration of flame retardant mechanism for EP/Fe-PDA nanocomposite. 

3.3.4 Mechanical behavior of EP/Fe-DPA nanocomposites 

It is always desired to render EP high flame retardancy while maintaining other properties on an 

adequate level. In this study, dynamic mechanical analysis (DMA) and tensile test were performed 

to study the mechanical properties of EP nanocomposites. The storage modulus and tan delta plots 

of EP and its nanocomposites are shown in Figure 3-18.  
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Figure 3-18. (a) Storage modulus and (b) Tan delta curves of EP and its nanocomposites. 

The storage modulus (at 30 °C), glass transition temperature (Tg, temperature at peak tan delta), 

as well as the tensile strength and Young’s modulus are listed in Table 3-2. The storage modulus of 

EP (1780 MPa) was increased with the addition of Fe-PDA nanospheres, reaching to the highest at 

1916 MPa for EP/3Fe-PDA. The Young’s modulus of EP (1025±23 MPa) followed a similar 

increasing trend, though the highest (1227±62 MPa) was displayed for EP/5Fe-PDA. Besides, an 

obvious improvement (around 15 °C) was observed for glass transition temperature of the 

nanocomposites. In terms of tensile strength, a slight improvement was achieved for EP/1Fe-PDA 

(61.9±2.3 MPa) and EP/3Fe-PDA (60.7±3.5 MPa). However, the tensile strength dropped to 

58.6±4.6 MPa for EP/5Fe-PDA, which was a little lower than 59.6±3.8 MPa for neat EP.  

Table 3-2. DMA and tensile test results for EP and its composites. 

Sample Storage Modulus at 
30 °C (MPa) 

Tg (°C) Tensile strength 
(MPa) 

Young’s modulus 
(MPa) 

EP 1780 140 59.6±3.8 1025±23 

EP/1Fe-PDA 1828 156 61.9±2.3 1183±21 

EP/3Fe-PDA 1916 154 60.7±3.5 1196±45 

EP/5Fe-PDA 1847 155 58.6±4.6 1227±62 

The enhanced modulus and Tg values of EP composites may arise from the strong polymer–

nanoparticle interfacial interactions [237]. The abundant catechol groups at surface of Fe-PDA 

greatly facilitate the formation of hydrogen bonds between epoxy resin and nanoparticles [238]. 

Moreover, as shown in the dynamic DSC curves of EP and its nanocomposites (Figure 3-19), the 

exothermic peak corresponding to curing reaction appears at 165.1 °C for neat EP. The exothermic 

peak decreases and shifts to a lower temperature for EP/Fe-PDA nanocomposites, indicating the 
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addition of Fe-PDA promotes the curing reaction of EP [239,240]. It is worth noting that abundant 

catechol moieties and amino groups exist in polydopamine materials [188,241], which can act as 

catalyst for the curing reaction of EP [242,243]. 

 

Figure 3-19. Non-isothermal DSC curves of the curing reaction of EP and its nanocomposites. 

The SEM images of freeze-fractured surfaces for neat EP and EP/3Fe-PDA are presented in 

Figure 3-20. Compared to neat EP with a relatively glossy surface, EP/3Fe-PDA exhibited an 

increased roughness with more cracks. Meanwhile, well dispersed nanoparticles exposed on the 

fracture surface were observed in the high resolution SEM image of EP/3Fe-PDA, which 

contributed to the mechanical enhancement of Fe-PDA in EP matrix at a certain loading level. 

 

Figure 3-20. SEM images of freeze-fractured surfaces for (a,b) EP and (c,d) EP/3Fe-PDA. 



CHAPTER 3 IRON-POLYDOPAMINE NANOSPHERE 

 

57 

 

3.4 Conclusions 

In this study, the bioinspired iron-loaded polydopamine nanospheres were used as green flame 

retardant additives in EP nanocomposites. The flame retardancy of EP nanocomposites were 

significantly improved with the addition of Fe-PDA. Compared to neat EP with the LOI value of 

25.6%, no rating in UL-94 test and pHRR of 1285 kW/m2 in cone calorimeter test, EP/3Fe-PDA 

showed the increased LOI value of 30.5%, V-1 rating and reduced pHRR at 780 kW/m2. On the 

contrary, DOPO modified Fe-PDA showed a low flame retardant efficiency in EP matrix under LOI 

and UL-94 tests, which well corresponded to its declined radical scavenging activity in comparison 

with Fe-PDA. These results suggested that Fe-PDA acted in gas phase by scavenging nearby H•/OH• 

radicals, thus facilitating the extinguishment of flame. In addition, the char residues for EP/3Fe-

PDA showed dense and multiple layered morphologies after cone calorimeter test, due to the 

catalytic charring ability of Fe-PDA in condensed phase. The intensive carbonaceous layers acted 

as the physical barrier to protect the underlying polymeric substrate, thus effectively decreasing the 

heat release rate of materials. Based on these results, it is concluded that Fe-PDA can act as the 

nontoxic and highly efficient flame retardants in EP. This research also helps to understand why 

PDA coated foam and sponge materials showed high flame retardancy in previous researches. 

Furthermore, it is expected that the use of iron-loaded PDA as the surface nanocoating for various 

fillers can become a universal strategy to prepare high performance flame retardant polymer 

composites. 

 



CHAPTER 4 

4 Hybrid functionalization of hollow glass microsphere for epoxy 

composite 

 

“It is during our darkest moments that we must focus to see the lights.” 

-Aristotle 

4.1 Introduction 

Epoxy (EP) based composites have been widely used in home appliance, automotive, and aerospace 

industries, due to their low cost, high specific strength, excellent electrical and chemical resistance 

[244,245]. However, when ignitable and inflammable epoxy resin is used in the manufacture of 

electrical devices, it may catch fire in the event of short circuits or overheated light fixtures, which 

is a potential threat to the safety of human life and property. As a consequence, flame retardant 

modifications of EP composites to decrease their flammability are attracting more and more 

attentions [246,247]. 

    Various types of borates, organophosphorus and/or nitrogen containing compounds, 

micro/nano-scaled fillers, and intumescent systems have been used as flame retardant additives for 

EP [7,51,248,249]. Among them, the combination of micro/nano-scaled fillers, e.g., carbon 

nanotubes (CNT), layered double hydroxides (LDH) with other flame retardants sometimes show 

extraordinary synergistic effects due to the formation of high-quality protective char layers in 

condensed phase [250–252]. Apart from the direct use of raw micro/nano-scaled fillers, surface 

functionalization of fillers has proved to be an effective approach to increase the flame retardant 

efficiency [253–255]. In previous researches, fillers like graphene oxide (GO) [256–259], 

glass/natural fibers [163,260], porous silica [165,261], and layered black phosphorus [164] were 

functionalized and showed high flame retardant efficiency in EP matrix. The mechanism 

underpinning the high flame retardant efficiency is generally attributed to the good dispersion of 

functionalized fillers (especially for layered nanomaterials), as well as the formation of protective 

char layers during combustion. However, the interfacial charring behavior which can contribute to 

the formation of high-quality shield layer has been rarely discussed in previous studies. Besides, 
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very few detailed evaluations on filler–matrix interfacial adhesion have been presented due to the 

paucity of direct experimental data measuring the interfacial strength.  

    Hollow glass microspheres (HGM), also known as glass bubbles or glass beads, owning a thin-

walled spherical shape, low density and thermal conductivity, are used as additives in a variety of 

products [262–264]. For example, when used as the additive in vehicle components, HGM helps 

reduce the vehicle weight, thus improving fuel efficiency and reducing CO2 emissions [265,266]. 

In previous studies, HGM was also found to reduce the fire hazard of ethylene vinyl acetate (EVA) 

and thermoplastic polyurethane (PU) composites [267,268]. However, the chemically inert HGM 

shows a poor flame retardant performance in polymer matrix due to the low catalytic charring ability. 

Besides, the pristine HGM with a smooth and nonporous surface exhibits a weak interfacial 

adhesion with polymer matrix [269,270]. Considering these, surface modification of HGM is needed 

to prepare EP composites with high flame retardancy and desired mechanical properties. 

    Herein, a well-designed surface functionalization strategy is developed to functionalize hollow 

glass microspheres, aiming to prepare high performance epoxy composite via improved interfacial 

properties. Zeolitic imidazole frameworks (ZIFs), as a classic example of metal organic frameworks 

(MOFs), have been proven to be ideal sacrificial templates toward construction of well-defined 

hollow LDH cages [271,272]. Inspired by this, zeolitic imidazole framework-67 (ZIF-67) is firstly 

employed as precursor to construct NiCo-LDH nanosheets on surface of HGM (denoted as 

HGM@LDH). The hierarchical LDH structures help increase the surface area of pristine smooth 

HGM, facilitating further organic modification of HGM@LDH. Besides, NiCo-LDH has been 

proved to promote char formation of epoxy resin due to the catalytic effect of transitional metals 

(nickel and cobalt) [134,144]. After that, the phosphorous containing flame retardant, DOPO (9,10-

dihydro-9-oxa-10-phosphaphenanthrene 10-oxide) based dual-amino silane coupling agent is 

prepared via the Atherton-Todd reaction and coated on surface of HGM@LDH (denoted as 

HGM@LDH@DOPO). To evaluate the effectiveness of this surface functionalization strategy, 

flame retardancy and mechanical properties of EP composites are studied. Char residue 

morphologies after cone calorimeter test are presented to illustrate the advantages of interfacial 

charring behavior. Moreover, a modified “fiber push-in” indentation technique is developed to 

evaluate the interfacial strength between HGM and EP matrix. 
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4.2 Experimental 

4.2.1 Preparation of HGM@LDH 

HGM@ZIF-67 and its derived HGM@LDH were prepared according to previous literatures with 

modification [144,272]. Firstly, 1.8 g Co(NO3)2·6H2O was dissolved into 100 ml water. Then 3 g 

HGM was added into the solution and sonicated for 10 min. Another 100 ml water solution with 22 

g 2-MIM inside was poured into the above mixture and the reaction continued at room temperature 

under stirring for 3 h. The purple product (denoted as HGM@ZIF-67) was collected by filtration 

and washed by water and ethanol several times. The obtained intermediate was dried in the vacuum 

oven at 60 °C for 8 h. After that, 1 g HGM@ZIF-67 was dispersed into Ethanol absolute. 0.5 g 

Ni(NO3)2·6H2O dissolved in 50 mL Ethanol absolute was slowly dropped into the above mixture 

and stirred for 30 min. Then the mixture was refluxed under stirring at 90 °C for 1 h. After cooling 

to room temperature, the greenish product (HGM@NiCo-LDH, or HGM@LDH in short) was 

collected by filtration, following by washing with ethanol and vacuum drying. The ZIF-67 and its 

derived NiCo-LDH without HGM were synthesized following a similar procedure. 

4.2.2 Preparation of HGM@LDH@DOPO 

HGM@LDH@DOPO was synthesized by surface coating of DOPO-based silane coupling agent on 

HGM@LDH. The DOPO-based silane coupling agent was prepared via the Atherton-Todd reaction 

among DOPO and Z-6020 [73,75]. In a typical run, DOPO (5 g, 23.1 mmol), Z-6020 (5 mL, 23.1 

mmol)  and Et3N (3.24 mL, 23.1 mmol) were added into 20 mL of dichloromethane, stirred and 

cooled to 5 °C with an ice bath. After the solution was cooled down, CCl4 (2.23 mL, 23.1 mmol) 

dissolved in 10 mL dichloromethane, was added dropwise to ensure that the reaction temperature 

did not exceed 10 °C. After the addition was complete, the reaction was allowed to warm up to room 

temperature and the stirring was continued overnight. After evaporation in a rotary evaporator, the 

obtained transparent viscos mixture was re-dissolved in 500 mL Ethanol-96, following by addition 

of 10 g HGM@LDH. The grafting procedure continued at room temperature under stirring for 3 h. 

Finally, the functionalized HGM (HGM@LDH@DOPO) was filtered, washed by ethanol and dried 

under 80 °C in a vacuum oven. The surface functionalization procedure is depicted in Scheme 4-1. 
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Scheme 4-1. Schematic illustration of the strategy to functionalize hollow glass microspheres. 

4.2.3 Preparation of EP composites 

5 wt% pristine HGM, HGM@LDH and HGM@LDH@DOPO were adopted to prepare EP 

composites. The preparation of EP composite containing 5 wt% HGM (EP/HGM) is illustrated 

below: Firstly, 5 g HGM was added into 74.1 g EP at 60 °C under 1 h mechanical stirring. After that, 

20.9 g DDM was added into the mixture at 90 °C under stirring for 30 min. Finally, the obtained EP 

composite (100 g) was cured in a silicone mold at 100 and 150 °C for 2 h, respectively. The 

preparation of neat EP, EP/HGM@LDH and EP/HGM@LDH@DOPO (interfacial mode) followed 

a similar procedure, except the type of fillers. As a control, EP composite containing HGM, NiCo-

LDH and DOPO separately in the matrix was also prepared, denoted as EP/(HGM+LDH+DOPO) 

(bulk mode, with a total of 5 wt% additives). 

4.3 Results and discussion 

4.3.1 Characterization of functionalized hollow glass microsphere 

The crystallinity of HGM, ZIF-67, ZIF-67 derived NiCo-LDH and the hybrid materials were firstly 

investigated by XRD, as shown in Figure 4-1a. The diffraction peaks of as-synthesized ZIF-67 

match well with the previous reported works [272,273]. HGM@ZIF-67 shows the combined XRD 

patterns of amorphous glass and well-crystalized ZIF-67 particles. NiCo-LDH shows peaks located 

at 11.3, 23.1, 33.7 and 60.3°, which are assigned to (0 0 3), (0 0 6), (0 0 9) and (1 1 0) planes of 

hydrotalcite-like LDH according to previous reports [144,274]. All diffraction peaks corresponding 

to ZIF-67 are absent in the derived LDH materials, indicating the complete conversion from ZIF-67 

to NiCo-LDH. HGM@LDH and HGM@LDH@DOPO show similar XRD patterns corresponding 

to the combination of HGM and NiCo-LDH. FT-IR spectrums of the prepared materials are shown 
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in Figure 4-1b. The IR spectra of pristine HGM contains a broad absorption band at 900–1200 cm−1 

corresponding to the Si–O–Si asymmetric stretching vibrations, and another band near 450 cm−1 

owing to the O–Si–O bending vibration [275]. HGM@LDH shows the intense peak at 1385 cm−1, 

reflecting the characteristic band of NO3
− as interlayer anions in the synthesized NiCo-LDH. This 

is consistent with above XRD result calculating the 003 reflection at around 7.8 Å, which locates 

well in the range of nitrate bearing hydrotalcite [276,277]. The band observed at 635 cm−1 for 

HGM@LDH can be owing to the stretching vibration of metal–O/OH bonds in NiCo-LDH 

structures [278,279]. For HGM@LDH@DOPO, bands located at 758, 1210, 1445 and 1595 cm−1 

can be assigned to P–O–Ph, P=O, P–Ph and biphenyl structure in the DOPO-based silane coupling 

agent, respectively [225,226]. The IR spectra of ZIF-67, NiCo-LDH and HGM@ZIF-67 are given 

in Figure 4-2. Moreover, TGA analysis was performed to gain more information about the relevant 

materials. As shown in Figure 4-1c, the main mass loss (34.4 %) for ZIF-8 between 450 to 550 °C 

is assigned to the collapse of metal organic frameworks. For NiCo-LDH, the main mass loss (24.4 %) 

between 150 to 250 °C is assigned to the dehydroxylation of brucite-like layers. HGM@ZIF-67 and 

HGM@LDH also exhibit the characteristic mass losses corresponding to ZIF-67 and NiCo-LDH. 

The weight percentage of surface decorated ZIF-67 and NiCo-LDH is calculated to be 

approximately 24.7 wt% and 16.3 wt% in HGM@ZIF-67 and HGM@LDH, respectively. A 

multiple-stage mass loss curve is observed for HGM@LDH@DOPO, with the mass loss rate peaks 

near 250, 400 and 570 °C. According to the weight increase recorded during synthesis, the weight 

percentage of DOPO-based silane coupling agent at surface of HGM@LDH@DOPO is estimated 

to be 12.3 wt%. Hence, the final composition for HGM@LDH@DOPO is given as 74.4 wt%, 14.3 

wt% and 12.3 wt% for HGM, NiCo-LDH and DOPO-silane coupling agent, respectively. 

 

Figure 4-1. (a) XRD spectra, (b) FT-IR spectra and (c) TGA curves of as-synthesized materials. 
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Figure 4-2. Comparative FT-IR spectra of (a) HGM@ZIF-67 and (b) HGM@LDH. 

The morphologies of pristine HGM, HGM@ZIF-67, HGM@LDH and HGM@LDH@DOPO 

were characterized by SEM. As shown in Figure 4-3a, the diameter of pristine hollow glass spheres 

varies from 10 to 30 μm. The surface of HGM@ZIF-67 (Figure 4-3b,c) is considerably rough 

covered by ZIF-67 with an SOD topology [280], quite distinct from pristine HGM. Inset of Figure 

4-3c shows the morphology of individual ZIF-67 synthesized in similar conditions without the 

presence of HGM. It is interesting to note that both the ZIF-67 particles show the same SOD 

topology, while the average particle size of individual ZIF-67 is larger than that located at surface 

of HGM@ZIF-67 (~700 nm). The presence of hydroxyl groups on glass spheres may provide 

countless nucleation and growth sites for MOF crystals, which facilitates the uniform distribution 

of smaller ZIF-67 in HGM@ZIF-67 via a “seeding” approach [281,282]. Subsequently, NiCo-LDH 

nanosheets are synthesized through the co-precipitation of nickel, cobalt and hydroxyl ions released 

from the hydrolysis of Ni(NO3)2 and gradual etching of ZIF-67 template [283]. Figure 4-3d,e show 

the surface of HGM is densely decorated by NiCo-LDH cages. Inset of Figure 4-3e displays the 

morphology of individual NiCo-LDH cages derived from ZIF-67 template. After functionalization 

with DOPO-based silane coupling agent, an additional thin layer coating can be clearly observed at 

the surface of HGM@LDH@DOPO (Figure 4-3f). 
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Figure 4-3. SEM images of (a) pristine HGM, (b,c) HGM@ZIF-67 (ZIF-67 in the inset), (d,e) 

HGM@LDH (NiCo-LDH in the inset) and (f) HGM@LDH@DOPO.  

The structural feature and chemical composition of HGM@LDH were further characterized 

using TEM. Figure 4-4a,b clearly show the hollow structure of NiCo-LDH cages, illustrating the 

complete etching process of ZIF-67 template. The hierarchical NiCo-LDH cage composed of 

nanosheets well inherits the polyhedron morphology of ZIF-67. In the high-resolution TEM image 

(Figure 4-4c), lattice fringes with the spacing of 7.8 Å and 2.3 Å can be assigned to (0 0 3) and (0 

1 5) plane of NiCo-LDH, respectively. In the high angle annular dark field (HAADF) images 

(Figure 4-4d–h), the elemental mapping displays that NiCo-LDH cages are mainly composed of Ni, 

Co and O elements that stand on the surface of soda-lime borosilicate glass microsphere. 

 

Figure 4-4. (a-b) TEM image, (c) high resolution TEM image, (d-h) HAADF image and Si, Ni, Co, 

O mapping of HGM@LDH. 
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 The EDX spectra in Figure 4-5 exhibits that nickel and cobalt element co-exist in the 

synthesized HGM@LDH, and the atomic ratio of Ni to Co is 71:29 (2.45:1). It is worth noting that 

HGM@LDH with different morphologies can be obtained under a different synthesis condition. 

When Ethanol absolute is replaced by Ethanol-96, NiCo-LDH cages collapse into random 

nanosheets and cover the whole surface of HGM, as shown in Figure 4-6. The difference can also 

be observed from SEM images in Figure 4-7. This is mainly due to a faster hydrolysis and etching 

process with increasing water content in the solution.  

 

Figure 4-5. EDX spectra of HGM@LDH (Cu is assigned to the copper grid used in TEM). 

 

 

Figure 4-6. (a,b) TEM images, (c) high resolution TEM image (d-h) HAADF image and Si, Ni, Co, 

O mapping of HGM@LDH synthesized with Ethanol-96. 
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Figure 4-7. (a) SEM images of HGM@LDH synthesized with (a) Ethanol absolute (99.5% v/v) and 

(b) Ethanol-96 (96% v/v). 

HGM@LDH@DOPO shows similar morphology with HGM@LDH under TEM observation 

(Figure 4-8). While additional Si and P elements from DOPO-based silane coupling agent, located 

at the outer layer of HGM@LDH@DOPO, are displayed in the EDX elemental mappings. The 

atomic ratio among Ni, Co and P is given as 5.6:2.4:1. 

 

Figure 4-8. (a-c) TEM images, (d-h) HAADF image and Ni, Co, Si, P mapping of 

HGM@LDH@DOPO. 

4.3.2 Fire behavior of EP composites 

LOI and UL-94 tests were adopted to evaluate the flammability of EP and its composites. As shown 

in Table 4-1, EP owned the LOI value of 25.6%. The LOI value of EP/HGM increased to 27.7% in 

the presence of 5 wt% HGM. The value further increased to 28.8% in the presence of HGM@LDH. 
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For EP/@LDH@DOPO, the LOI value was 30.4%, slightly higher than 30.1% of 

EP/(HGM+LDH+DOPO). EP, EP/HGM and EP/HGM@LDH presented no rating in UL-94 test, 

which demonstrated a low flame retardant efficiency of HGM and HGM@LDH in EP matrix. In the 

presence of DOPO structures, both EP composites prepared via the interfacial mode and bulk mode 

exhibited a low flammability and passed V-1 rating in UL-94 test.  

Table 4-1. LOI and UL-94 results for EP and its composites. 

Sample UL-94 rating t1/t2a (s) LOI (%) 

EP No rating >30/-b 25.6 

EP/HGM No rating >30/-b 27.7 

EP/HGM@LDH No rating >30/-b 28.8 

EP/HGM@LDH@DOPO V-1 18/4 30.4 

EP/(HGM+LDH+DOPO) V-1 11/9 30.1 

a t1/t2: average flame time after the 1st/2nd time ignition;  

b -: no 2nd time ignition applied. 

Cone calorimeter test (CCT) was performed to evaluate the fire safety and smoke toxicity of 

EP and its composites. Figure 4-9 displays the heat release rate (HRR), total heat release (THR), 

smoke production rate (SPR) and total smoke production (TSP) versus time curves of the composite 

materials. The peak heat release rate (pHRR) of EP decreased from 1235 ± 47 kW/m2 to 840 ± 41, 

722 ± 21 and 539 ± 23 kW/m2 in the presence of 5 wt% HGM, HGM@LDH and 

HGM@LDH@DOPO, respectively. It is worth noting that EP/HGM@LDH@DOPO displayed a 

lower pHRR value, as well as a prolonged time to pHRR compared to EP/(HGM+LDH+DOPO). 

The total heat release (t = 320 s) of EP decreased from 88.9 ± 4 MJ/m2 to 76.7 ± 4 MJ/m2 for 

EP/HGM@LDH@DOPO. Moreover, EP/HGM@LDH@DOPO displayed the lowest peak SPR at 

0.20 ± 0.2 m2/s, as well as a low TSP of 22.9 ± 1.2 m2 (t = 320 s). In contrast, the bulk mode EP 

composite showed a higher peak SPR at 0.27 ± 0.2 m2/s and TSP of 24.1 ± 1.0 m2. Based on these 

results, we concluded that EP composite prepared via interfacial mode exhibited a superior flame 

retardancy compared to bulk mode.  
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Figure 4-9. (a) Heat release rate, (b) total heat release, (c) smoke production rate and (d) total 

smoke production curves of EP and its composites. 

    HGM and HGM@LDH showed a low efficiency in decreasing the total heat release, probably 

due to the weak charring effect in EP matrix. This was confirmed by the TGA analysis (Figure 4-

10) in which EP/HGM and EP/HGM@LDH displayed a low residue weight at 700 °C. The residue 

weight versus time curves recorded in CCT (Figure 4-11) further reflected the low charring ability 

of EP/HGM and EP/HGM@LDH during combustion. 

 

Figure 4-10. TGA curves of EP composites under nitrogen atmosphere. 
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Figure 4-11. Residue weight versus time curves of EP composites in CCT. 

To investigate the flame retardant mechanism, the morphology of specimen residues after CCT 

were investigated. The digital photos showed the differences among residues from EP and its 

composites. Only a few scattered and black-colored char layers existed in the residue of neat EP 

(Figure 4-12a). By contrast, EP composites (Figure 4-12b-e) exhibited dense and gray-colored 

residues due to the existence of glass microspheres in the char layers. During combustion, HGM 

acted as the physical barrier to delay the mass and heat transfer between flame and polymer substrate, 

thus effectively decreasing the heat release rate. EP/HGM@LDH@DOPO exhibited an integrated 

char residue, while macro cracks were clearly observed in EP/HGM, EP/HGM@LDH and 

EP/(HGM+LDH+DOPO).  

 

Figure 4-12. Digital photos of the residues after cone calorimeter test: (a) EP, (b) EP/HGM, (c) 

EP/HGM@LDH, (d) EP/HGM@LDH@DOPO and (e) EP/(HGM+LDH+DOPO). 

Meanwhile, SEM images of the char residues from EP, EP/HGM and EP/HGM@LDH (Figure 

4-13) also showed no continuous morphology, which might be responsible for their limited barrier 

effect in decreasing the heat release rate. More importantly, the SEM images of residues from bulk 

mode (Figure 4-14a,b) and interfacial mode (Figure 4-14d,e) presented clear difference in micro 

morphology. As illustrated in Figure 4-14c,f, in the bulk mode, the charring process was merely 
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promoted by flame retardants (NiCo-LDH and DOPO) in polymer matrix. While the pristine HGM 

did not contribute to the charring, resulting in gaps and discontinuities at interfaces between char 

layers and HGM. In the interfacial mode, the charring occurred in both EP matrix and surface of 

functionalized HGM, leading to the formation of continuous char layers strengthened by HGM. The 

protective char layers formed via a bottom-up charring process, with good macro- and micro-

structural properties, slowed down the heat and mass transfer under combustion, thus distinctly 

reducing the heat and smoke release rate [284]. 

 

Figure 4-13. SEM images of residues from (a) EP, (b) EP/HGM and (c) EP/HGM@LDH. 

 

Figure 4-14. SEM images of residues and scheme illustration of charring process for (a-c) 

EP/HGM@LDH@DOPO, (d-f) EP/(HGM+LDH+DOPO). 

4.3.3 Mechanical behavior of EP composites 

The influence of surface functionalization on the mechanical properties of EP/HGM composites 

were studied by tensile test.  Table 4-2 listed the density and tensile test results of EP composites. 

The addition of 5 wt% HGM materials reduced the density of EP from 1.20 g/cm3 to 1.11, 1.13 and 

1.14 g/cm3 for EP/HGM, EP/HGM@LDH and EP/HGM@LDH@DOPO, respectively. The 

addition of HGM also increased the Young’s modulus of the composites. The tensile strength of EP 
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decreased from 59.6 ± 3.8 MPa to 43.3 ± 2.1 and 41.8 ± 3.9 MPa in presence of 5 wt% HGM and 

HGM@LDH, respectively. The bulk mode EP composite displayed the lowest tensile strength of 

39.7 ± 5.9 MPa. In terms of interfacial mode EP composite, the coated DOPO-based silane coupling 

agent layer helped recover the tensile strength to 48.4 ± 2.8 MPa, which was owing to the enhanced 

interfacial adhesion between EP and HGM@LDH@DOPO.  

Table 4-2. Density and tensile test results for EP and its composites. 

Sample Tensile strength 

(MPa) 

Young’s modulus 

(MPa) 

Density 

(g/cm3) 

EP  59.6 ± 3.8 1025 ± 23 1.20 

EP/HGM 43.3 ± 2.1 1274 ± 71 1.11 

EP/HGM@LDH 41.8 ± 3.9 1222 ± 47 1.13 

EP/HGM@LDH@DOPO 48.4 ± 2.8 1216 ± 99 1.14 

EP/(HGM+LDH+DOPO) 39.7 ± 5.9 1172 ± 74 1.14 

To verify that explanation, morphology of the freeze-fractured surfaces were observed under 

SEM. As shown in Figure 4-15, HGM materials were well dispersed in the corresponding EP 

composites. Generally, HGM sustained the hollow spherical structure after the modification and 

preparation of EP composites. Spherical grooves due to the separating of HGM from EP matrix 

(pointed by red dashed arrow), as well as the partly broken HGM (pointed by blue dashed arrow), 

were observed in the fracture surfaces. Interestingly, we found that during the separating of 

HGM@LDH from EP matrix, the surface decorated LDH cages detached from HGM and tended to 

stay in polymer matrix, as shown in Figure 4-15e and the inset of Figure 4-15e. The high-

magnification SEM images of this phenomenon were also given in Figure 4-16, in which the LDH 

nanosheets embedded in polymer matrix were clearly recognized. Furthermore, a tight bonding 

between HGM@LDH@DOPO and EP matrix was observed in Figure 4-15f, indicating a strong 

interfacial adhesion between EP and HGM@LDH@DOPO. 
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Figure 4-15. SEM images of fracture surfaces for (a,d) EP/HGM, (b,e) EP/HGM@LDH (high-

magnification SEM image in the inset), (c,f) EP/HGM@LDH@DOPO.  

 

 

Figure 4-16. High-magnification SEM images of fracture surface from EP/HGM@LDH. 

 

To qualitatively evaluate the interface strength between HGM and EP matrix, a modified 

“push-in” indentation test was carried out [183,285]. The optical images of the surface before and 

after indentation test are shown in Figure 4-17. Indentation marks centered on the wall of HGM can 

be clearly observed after the test.  
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Figure 4-17. Optical images of the surfaces before and after indentation test for (a,d) EP/HGM, (b,e) 

EP/HGM@LDH, (c,f) EP/HGM@LDH@DOPO. 

In conventional fiber push-in technique, the quantitative value of interface strength can be 

determined from the critical load at the critical point, Pc [185,286]. Considering a different testing 

model was used in this study, the interface strength between HGM and polymer matrix was 

qualitatively reflected by the critical load. The load–displacement curves (5 points for each sample) 

corresponding to EP composites were shown in Figure 4-18a-c. The value of Pc located at 11–13 

mN for EP/HGM, and it decreased to 7–10 mN for EP/HGM@LDH. In EP/HGM@LDH composite, 

the hierarchical LDH structures did not act as an effective adhesive between HGM and EP matrix, 

which was consistent with the previous SEM image displaying a weak bonding between HGM and 

LDH. Meanwhile, no critical point was found for EP/HGM@LDH@DOPO (Figure 4-18c). The 

DOPO-based duo-amino silane coupling agent layer worked effectively in binding HGM and the 

matrix, probably due to the strong interaction between EP and amino groups from the silane coupling 

agent [287,288]. SEM observation of the surfaces after indentation were performed to check the 

interface status after indentation loading. Micro-sized indentation marks (pointed by yellow dashed 

square) centered on the thin-wall of HGM were clearly displayed in Figure 4-18d-f. Wall cracks of 

HGM and HGM@LDH were observed, while HGM@LDH@DOPO sustained its wall structure, as 

well as the tight bonding with polymer matrix after indentation test. Under the indentation loading, 

HGM@LDH@DOPO might be supported by surrounding EP matrix due to the strong interface 

strength, thus not wall cracks occurred. 
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Figure 4-18. Experimental load–displacement curves and representative SEM images of indentation 

mark for (a,d) EP/HGM, (b,e) EP/HGM@LDH, (c,f) EP/HGM@LDH@DOPO. 

4.4 Conclusions 

In this work, hollow glass microsphere was functionalized with hierarchical NiCo-LDH nanosheets 

and DOPO-based silane coupling agent. The fascinating structures during the functionalization were 

characterized by several key measurements. The interfacial mode EP composite 

(EP/HGM@LDH@DOPO) showed high flame retardancy, reflected by a high LOI value of 30.4%, 

V-1 rating in UL-94 test, and a low heat release rate of 539 ± 23 kW/m2 in cone calorimeter test. 

Meanwhile, the bulk mode EP composite, EP/(HGM+LDH+DOPO) showed a relatively high heat 

release rate of 755 ± 37 kW/m2. We found that the protective char layers formed in 

EP/HGM@LDH@DOPO displayed much better macro- and micro-structural properties, which 

might be owing to the interfacial charring behavior. The surface loaded flame retardant promoted 

the charring process at filler–matrix interface, thus leading to the formation of continuous char 

layers strengthened by fillers. Furthermore, a modified “fiber push-in” indentation technique was 
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developed to evaluate the influence of surface functionalization on the interfacial strength. 

Combined with SEM observations, the results clearly revealed a strong adhesion between EP and 

HGM@LDH@DOPO. This research mainly focused on the filler–matrix interfacial behaviors and 

their influences on the related macro-scope properties of composite materials. Nevertheless, detailed 

analysis on the interfacial charring efficiency and interface failure mechanism still needs to be 

systematically performed in the future. 



CHAPTER 5 

5 Organophosphorus-based silane treatment of carbon fabric for expoy 

composite 

 

“If you can't explain it simply, you don't understand it well enough.” 

-Aristotle 

5.1 Introduction 

Carbon fiber has been widely used in developing high-performance epoxy (EP) composites in fields 

such as automotive and aero-space due to its low-density, high specific strength and excellent 

resistance to chemical attack [289,290]. However, the high flammability of EP greatly restricts its 

applications in some fields with high fire safety requirements. Though carbon fabric (CF) is 

inherently nonflammable, it does not show a good barrier effect to shield the underlying polymer 

materials under combustion. Therefore, imparting flame resistance to EP and its composites is an 

important and active topic in both scientific and industrial communities [291]. 

Generally, flame retardant additives are directly mixed into epoxy resin before the molding 

process of CF/EP composites [246,251,256]. The flame retardant modified EP matrix showed a high 

flame retardancy, which in turn improved the fire safety of resultant fiber reinforced composites. 

However, some drawbacks are inherent and inevitable in this bulk flame retardant method. On one 

hand, a high loading of additives is usually needed to endow the materials with a good flame 

retardancy, which may cause serious deterioration of other critical material properties. On the other 

hand, during the resin transfer molding process, some flame retardant particles can be filtered by 

the reinforcing fabrics, resulting in a non-uniform dispersion of additives, as well as the declined 

flame retardant efficiency and mechanical properties. Alternatively, the surface flame retardant 

functionalization of carbon fiber provided a perfect solution to avoid the aforementioned drawbacks 

[163,292]. With a uniform dispersion of flame retardant on fiber surface, it is expected the 

composites can reach a high flame retardancy, and at the same time maintain good mechanical 

properties. Liu and co-workers have performed some pioneering works in developing flame 

retardant fiber reinforced composites via the interfacial carbonation strategy [163,292,293]. Under 
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the combustion of thermoplastic polymers, the grafted flame retardant promoted the formation of 

rough char residues on original smooth and high-energy fiber surface. The interfacial char layer 

could effectively delay the adsorption, wetting, spread and flow of polymer melt on the glass fiber, 

thus greatly weakening the wicking action of glass fiber. Recently, Wang and coworkers have coated 

carbon fiber via soaking CF in aqueous solution of polyelectrolyte complexes (PEC) consisting of 

polyethyleneimine (PEI) and ammonium polyphosphate (APP) at room temperature [291]. The 

phosphorus-containing coating on CF surfaces endowed the CF/EP composites a high LOI value of 

43% and a 47% reduction of the peak HRR in cone calorimetry test. Moreover, the enhanced 

mechanical properties and increased glass transition temperature was observed for the surface 

modified composites.  

Due to the large volume fraction of micrometer fibers, a very large interface area exists in the 

composite materials. Hence, the material performances are significantly controlled by the interface 

properties and in particular, the interface strength plays a dominant role in the mechanical properties 

of fiber reinforced composites. However, there is a lack of experimental data showing the exact 

value of this important interface property. In our previous studies, the DOPO-based amine functional 

silane coupling agent has proved to be effective to improve the interfacial charring behavior and 

filler–matrix adhesion in hollow glass microsphere/EP composites. In this work, we adopt a similar 

surface functionalization strategy in carbon fabric reinforced EP composites. Compared to powder-

like hollow glass microsphere, the continuous carbon fabric composed of well aligned graphite 

fibers not only provides superior reinforcement for the composites, but also owes the potential as a 

perfect grid for the growth of an integrated and dense char layer. Furthermore, fiber push-in 

technique was adopted to quantitatively evaluate the influence of surface functionalization on the 

fiber–matrix interfacial strength.    

5.2 Experimental  

5.2.1 Preparation of CF@Z6020-DOPO 

The carbon fabric was cut into piece with a size of 12 × 120 cm2, followed by the heat treatment 

under 400 °C for 20 min to remove the original sizing agent. The DOPO-based amine functional 

silane coupling agent was prepared by the aforementioned method (in Section 4.2.2). The obtained 
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transparent viscos mixture containing Z6020-DOPO was dissolved in ethanol-5% water solution 

with a PH adjusted to 4.5 by acetic acid. Then the piece of carbon fabric was rolled and immersed 

in the mixed solvent for 60 min under stirring. Finally, the modified carbon fabric (CF@Z6020-

DOPO) was obtained after wash and dry at 110 °C for 20 min. The surface functionalization 

procedure is depicted in Scheme 5-1. The weight percentage of flame retardant on CF@Z6020-

DOPO was calculated to be 3.6 wt% according to the statistical data of fabric weights before and 

after functionalization. 

 

Scheme 5-1. Schematic illustration of the strategy to functionalize carbon fabric. 

 

5.2.2 Preparation of EP composites 

The preparation of CF/EP composite laminate is illustrated below: Firstly, the epoxy resin MP (200 

g) and hardener MP (80g) were well mixed in the glass beaker at room temperature. Subsequently, 

8 pieces of carbon fabric with a size of 12 × 22 cm2 were stacked together. The vacuum assisted 

resin transfer molding (VARTM) process (Scheme 5-2) was used to prepare the CF/EP composites. 

The composite laminate along with the vacuum bag was placed in oven for 8 h at 100 °C before 

demolding. After that, the post-curing schedule according to the provider was performed: Start at 

100°C and heat up with a temperature increase of 10 °C/h to 200 °C, hold it for 12 h and slowly 

cool down to room temperature. CF@Z6020-DOPO was prepared in the same procedure. The 

control sample, CF/DOPO/EP was prepared by directly adding 4.5 wt% DOPO into the resin. To 

improve the dispersion of DOPO in epoxy resin, three-roll mill machine was used before the 

VARTM process. The specimens for fire testing and DMA are cut from the laminate according to 
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the required sizes.   

 

Scheme 5-2. Preparation of CF/EP composites via VARTM process. 

5.3 Results and discussion 

5.3.1 Characterization of functionalized carbon fabric 

TGA and FTIR spectroscopy were used to identify the surface chemical changes, as shown in Figure 

5-1. The raw CF is thermally stable during 200-500 °C under nitrogen atmospheres. CF@Z6020-

DOPO shows a mass loss (around 1.2 wt%) during 250-450 °C, which is due to the decomposition 

of organic groups in the synthesized DOPO-based silane coupling agent. The IR spectra of raw CF 

shows a few weak reflectance peaks, while distinct peaks can be observed in the modified CF. The 

peaks at 770, 1250, and 1455 cm−1 are assigned to P–O–Ph, P=O, and P–Ph groups from DOPO 

structure [225,226]. The multiple peaks between 1200-900 cm−1 can be assigned to Si–O–Si 

asymmetric stretching vibrations from the silane structure after the hydrolysis-condensation 

reactions [275]. Combined with the SEM/EDS characterization, the results indicate a successful 

surface modification of raw carbon fiber by the DOPO-based amine functional silane coupling agent. 
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Figure 5-1. (a) TGA curve and (b) FT-IR spectra of raw CF and CF@Z6020-DOPO. 

    The SEM images in Figure 5-2 showed the raw carbon fiber with a diameter of 7 μm owned a 

smooth surface. After functionalization, the modified carbon fiber showed a rough surface with 

additional flame retardant layers (Figure 5-1b,c). The EDS element mapping images clearly showed 

the existence of Si, N, P elements at the surface of carbon fiber, which should be assigned to the 

surface grafted DOPO-based amine functional silane coupling agent.  

 

Figure 5-2. SEM and EDS images of (a) raw carbon fiber, and (b) functionalized carbon fibers. 

5.3.2 Fire behavior of CF/EP composites 

The flammability of the composites were firstly evaluated by LOI and UL-94 test. The CF/EP 

showed a high LOI value of 28.9% due to the inherent high thermal resistance of the used EP matrix 
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(from the datasheet offered by the provider, the cured EP system was reported to own a high glass 

transition temperature of 238 °C) and a high weight percentage of non-flammable carbon fabric (the 

weight percentage of CF in the composites was calculated to be around 55%). With the addition of 

DOPO in EP matrix, the CF/DOPO/EP showed a LOI value of 31.8%. The highest LOI value (33.7%) 

was observed in CF@Z6020-DOPO/EP composites. Both CF/EP and CF/DOPO/EP showed no 

rating and burned till the clamp after the second time ignition. CF@Z6020-DOPO passed V-1 rating 

in UL-94 test, with an average afterflame time less than 18 seconds after the second ignition. The 

enhanced charring ability greatly contributed to the improved flame retardancy of CF@Z6020-

DOPO/EP composites. After the flame testing, dense and robust char residues can be observed on 

the surface of bar specimens for CF@Z6020-DOPO/EP.  

Cone calorimeter test (CCT) was performed to evaluate the heat and smoke release of EP 

composites under a well-defined fire scenario of forced flaming conditions. Figure 5-3 displays the 

heat release rate (HRR) and smoke production rate (SPR) versus time curves of the composite 

materials. The peak heat release rate (pHRR) of CF/EP was 624 ± 28 kW/m2, and it dropped to 463 

± 21 kW/m2 for the interfacial mode composite CF@Z6020-DOPO/EP. On the contrary, the bulk 

mode composite CF/DOPO/EP showed a similar pHRR (623 ± 41 kW/m2) with the unmodified 

CF/EP. It is worth noting that CF@Z6020-DOPO/EP displayed a quick drop in heat release rate 

after the first peak of HRR at 445 kW/m2. This was due to the burn out of the top layer epoxy resin 

and the build-up of dense char layers within the composite laminate. The second peak of HRR 

occurred at 45 s after ignition, which was significantly delayed compared to the unmodified CF/EP 

reaching its pHRR within 15 s after ignition. The declined pHRR and prolonged time to pHRR were 

beneficial to improve the fire safety of polymer composites. Furthermore, CF@Z6020-DOPO/EP 

showed a peak smoke production rate of 0.086 ± 0.008 m2/s, a 31% reduction compared to CF/EP 

(0.125 ± 0.01 m2/s). The bulk mode composite CF/DOPO/EP showed more smoke release compared 

to the unmodified CF/EP, which is undesired in the practical application. Based on these results, we 

concluded that the flame retardant CF/EP composite prepared via the interfacial mode exhibited a 

superior flame retardancy compared to the bulk mode. 
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Figure 5-3. (a) Heat release rate and (b) smoke production rate curves for CF/EP composites. 

To investigate the flame retardant mechanism, the morphology of specimen residues after CCT 

were investigated by SEM. The carbon fabric was thermally stable under the combustion conditions 

and well retained its shape after the test. In terms of CF/EP composite, very smooth and clean carbon 

fabric was observed after the combustion. Even the middle-layer carbon fabric showed a very clean 

surface, indicating a low charring ability of the pristine EP matrix. As seen from Figure 5-4a,d, very 

few char residue remained on the fiber surface in CF/EP, indicating a complete combustion of the 

polymer matrix. A totally different morphology was observed for residue of CF@D6020-DOPO/EP. 

As seen from Figure 5-4b,e, the fiber surface was covered by thick and robust char residues, forming 

an integrated and continuous char layers based on the well-aligned carbon fibers. The newly formed 

carbon fabric reinforced char residue acted as a perfect barrier to slow down the heat and mass 

transfer between flame and underlying polymers, thus effectively reducing the heat release rate of 

the composite materials. As the control sample, residue of CF/DOPO/EP (Figure 5-4c,f) showed no 

continuous morphology and exhibited very limit effect to protect the materials under combustion. 

These results well explained the high flame retardant efficiency resulting from the interfacial 

charring behavior. 
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Figure 5-4. SEM images of char residues after cone calorimeter test. (a,d) CF/EP; (b,e) CF@Z6020-

DOPO/EP; (c,f) CF/DOPO/EP. 

5.3.3 Mechanical behavior of CF/EP composites 

Dynamic mechanical analysis was performed to evaluate the mechanical behavior of EP composites. 

As shown in Figure 5-5, compared to CF/EP with a storage modulus of 19185 MPa at 50 °C, an 

increased storage modulus was observed for CF@Z6020-DOPO/EP (20578 MPa). The increased 

storage modulus indicated an improved bonding between carbon fiber and EP matrix after the 

surface treatment. On the contrary, the direct mixing of DOPO in EP matrix severely decreased the 

storage modulus to 16457 MPa. The glass transition temperature (Tg) of CF/DOPO/EP showed an 

obvious increase compared to CF/EP and CF@Z6020-DOPO/EP. This unexpected increase of Tg is 

still under investigation, which may result from the reaction between DOPO and epoxy resin at a 

higher curing temperature (near 200 °C). 

 

Figure 5-5. (a) Storage modulus and (b) Tan delta curves of CF/EP composites 
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    The fiber/matrix interface strength plays a dominant role in the mechanical performance of 

fiber reinforced EP composites. To quantitatively evaluate the interface strength, the micro-scope 

fiber push-in test was adopted. The fiber push-in test was carried out by loading on the center of 

carbon fiber with a flat-punch indenter until a certain displacement. The applied load (P) and 

displacement (u) were continuously monitored during the test. The load-displacement curves (5 

points for each sample) corresponding to CF/EP and CF@Z6020-DOPO/EP were shown in Figure 

5-6. The methodology provided in Ref. [185] was adopted to determine the loading stiffness (S0) 

and critical load (Pc). According to the technical data sheet of the carbon fabric, the longitudinal 

elastic modulus and radius of carbon fiber were set as the constant 240 GPa and 3.5 µm, respectively. 

Thus, according to Equation (11), the interface shear strength in CF/EP and CF@Z6020-DOPO/EP 

was calculated to be 11.2 ± 1.3 and 15.1 ± 1.8 MPa, respectively. It’s worth noting that a relatively 

low interface strength value was obtained compared to results in previous literatures [185, 293], 

which might be due to the high loading rate (100 nm/s) used in this study. After surface treatment, 

an increment of 35% was observed in the fiber/matrix interfacial shear strength. A high interfacial 

strength is always desirable so that the stress can be efficiently transferred from the matrix to fibers 

in order to maximize the overall composite strength. These results from the fiber push-in test 

provided a clear evidence for the improved interfacial strength between EP matrix and carbon fiber 

modified by DOPO-based amine functional silane coupling agent.   

 

Figure 5-6. Experimental load–displacement curves of CF/EP and CF@Z6020-DOPO/EP. 

5.4 Conclusions 

In this work, the carbon fabric was treated by organophosphorus based amine functional silane 
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coupling agent to enhance the fiber–matrix interfacial strength and the intergrowth charring behavior. 

Compared to the pristine CF/EP composite with a high flammability, the resultant flame retardant 

modified EP composite showed a V-1 rating in UL-94 test. In addition, the peak heat release rate 

and smoke release rate of CF@Z6020-DOPO/EP was reduced by 26% and 31%, respectively. Due 

to the interfacial charring behavior, an integrated and dense char layer composed of carbon fabric 

reinforced intergrowth char residue was formed to protect the polymer materials in the condensed 

phase. Moreover, the interfacial mode CF/EP composite showed an increased storage modulus, 

significantly higher than the bulk mode composite. The fiber push-in test clearly revealed an 

improved fiber–matrix interfacial strength due to the existence of DOPO-based amine functional 

silane coupling agent. The provided surface functionalization strategy using organophosphorus 

based amine silane coupling agent proved to be an effective approach to prepare high performance 

flame retardant EP composite.



CHAPTER 6 

6 Conclusions and future work 

 

“Bring forth what is true; Write it so it it's clear. Defend it to your last 

breath.” 

- Ludwig Boltzmann 

6.1 Conclusions 

Three flame retardant EP composites have been successfully developed in this thesis: i) Bio-inspired 

iron-loaded polydopamine (Fe-PDA) nanosphere as green flame retardant for epoxy nanocomposite; 

ii) Organic/inorganic hybrid functionalized hollow glass microsphere (HGM) for light-weight flame 

retardant epoxy composite; iii) Organic flame retardant/adhesive coating on carbon fiber (CF) for 

high performance fiber reinforced epoxy composite. The detailed effects of filler surface 

functionalization on the material performances of resultant EP composites are given below. 

1) In the first EP system, Fe-PDA was adopted as the green flame retardant additive in EP 

composites. The flame retardancy of EP nanocomposites were significantly improved with the 

addition of Fe-PDA. Compared to neat EP with a LOI value of 25.6%, no rating in UL-94 test and 

pHRR of 1285 kW/m2 in cone calorimeter test, EP/3Fe-PDA showed the increased LOI value of 

30.5%, V-1 rating in UL-94 test and reduced pHRR at 780 kW/m2. The char residues for EP/3Fe-

PDA showed dense and multiple layered morphologies after cone calorimeter test, due to the 

catalytic charring ability of Fe-PDA in condensed phase. The intensive carbonaceous layers acted 

as the physical barrier to protect the underlying polymeric substrate, thus effectively decreasing the 

heat release rate of materials. Based on these results, it is concluded that Fe-PDA can act as the 

nontoxic and highly efficient flame retardants in EP, as illustrated in Scheme 6-1. On the contrary, 

DOPO modified Fe-PDA showed a low flame retardant efficiency in EP matrix under LOI and UL-

94 tests, which well corresponded to its declined radical scavenging activity in comparison with Fe-

PDA. These distinct outcomes supported the theory that Fe-PDA acted in gas phase by scavenging 

nearby H•/OH• radicals, thus facilitating the extinguishment of flame. However, EP/3Fe-PDA and 

EP/3DOPO@Fe-PDA showed a similar HRR curves, as well as the similar TGA curve in N2 
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atmospheres, indicating the DOPO modified Fe-PDA was still effective in promoting the charring 

of EP matrix. This conclusion also inspired the organic functionalization of hollow glass 

microsphere and carbon fiber. 

 

Scheme 6-1. Iron-loaded polydopamine nanospheres act as nontoxic and highly efficient flame 

retardant in epoxy resin via free radical scavenging and catalytic charring actions. 

2) In the second EP system, unlike Fe-PDA with highly active catechol and amine groups in 

its structures, the chemically inert and stable HGM with a low density was chosen as the filler for 

EP composites. To improve the reinforcing effect, HGM was functionalized with hierarchical NiCo-

LDH nanosheets and DOPO-based silane coupling agent. The fascinating structures during the 

functionalization process were characterized by several key measurements, e. g. FTIR, XRD, TGA, 

SEM, EDS and TEM. The interfacial mode EP composite (EP/HGM@LDH@DOPO) showed high 

flame retardancy, reflected by a high LOI value of 30.4%, V-1 rating in UL-94 test, and a low heat 

release rate of 539 ± 23 kW/m2 in cone calorimeter test. Meanwhile, the bulk mode EP composite, 

EP/(HGM+LDH+DOPO) showed a relatively high heat release rate of 755 ± 37 kW/m2. We found 

that the protective char layers formed in EP/HGM@LDH@DOPO displayed much better macro- 

and micro-structural properties, which might be owing to the interfacial charring behavior. The 

surface loaded flame retardant promoted the charring process at filler–matrix interface, thus leading 

to the formation of continuous char layers strengthened by fillers. Furthermore, a modified “fiber 

push-in” indentation technique was developed to qualitatively evaluate the influence of surface 
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functionalization on the interfacial strength. Combined with SEM observations, the results clearly 

revealed a strong adhesion between EP and HGM@LDH@DOPO. This section mainly focused on 

the filler–matrix interfacial behaviors and their influences on the related macro-scope properties of 

composite materials. The results proved the effectiveness of this hybrid surface functionalization 

approach in developing polymer composites with high flame retardancy and good mechanical 

properties, as illustrated in Scheme 6-2. 

 

Scheme 6-2. The enhanced filler–matrix (hollow glass microsphere–epoxy resin) interaction and 

bottom-up interfacial charring behavior were achieved via the hierarchical inorganic/organic hybrid 

surface functionalization strategy. 

3) In the third EP system, carbon fabric was functionalized with DOPO-based dual-amino 

silane coupling agent (Z6020-DOPO) to develop flame retardant CF/EP composites. The interfacial 

charring promoted the formation of an integrated and dense char layer composed of carbon fabric 

reinforced intergrowth char residue. Compared to the pristine CF/EP composite with a high 

flammability, the resultant flame retardant modified EP composite showed a V-1 rating in UL-94 

test, as well as a 26%/31% decrement of the peak HRR/SPR in cone calorimeter test. Moreover, the 

interface modified CF/EP composite showed an increased storage modulus. The fiber push-in test 

clearly revealed the fiber–matrix interfacial strength was increased by 35% due to the existence of 

DOPO-based amine functional silane coupling agent. The provided surface functionalization 

strategy using organophosphorus based amine silane coupling agent proved to be an effective 
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approach to prepare flame retardant carbon fabric reinforced EP composite. 

6.2 Future work 

6.2.1 To quantitatively evaluate the interfacial charring efficiency 

As we mentioned in Chapter 1.3.2, various surface functionalization strategies have been provided 

to improve the flame retardancy of polymer composites. Meanwhile, our research results also 

confirmed the superior flame retardant efficiency resulted from the interfacial charring behavior. 

However, the quantitative analysis on the interfacial charring efficiency has been rarely carried out. 

In our previous researches, we mainly focused on the surface functionalization method and its 

influence on the material performance. Generally only a fixed weight percentage of functional 

component was loaded on filler surface. While the loading amount of functional component may 

have a significant influence on the resultant flame retardancy, as well as the mechanical properties. 

It has been proved that even a very small loading of catalytic charring agent (e.g. transition metal 

compound, DOPO) can greatly contribute to the interfacial charring behavior. According to the 

results in Chapter 3.3.2 and 3.3.3, an excess amount of Fe-DPA in EP did not contribute to a higher 

charring efficiency and lower peak HRR. Considering this, a decreased flame retardant efficiency 

may be observed when the amount of catalytic charring agent was above the maximum effective 

loading. The optimized loading amount of functional component on filler surface may not only 

further improves the interfacial charring efficiency, but also help simplify the functionalization 

process. Therefore, a quantitatively evaluation on the interfacial charring efficiency is an essential 

work to guide future design of filler surface functionalization.   

To quantitatively evaluate the interfacial charring efficiency, the EP system containing PDA 

modified CNT will be adopted in our future research. Firstly, EP/CNT composite is a representative 

polymer-matrix nanocomposites. Secondly, the thickness of PDA nanocoating on CNT can be easily 

controlled using different synthesis conditions. Thirdly, different types of transition metal ions can 

be integrated or post-chelated into PDA structures, which can provide versatile options to 

systematically evaluate the interfacial charring efficiency. Furthermore, our research (Chapter 3) 

has proved that iron-loaded PDA can act as the nontoxic and highly efficient flame retardants in EP. 

The PDA-assisted surface functionalization of CNT are illustrated in Scheme 6-3. The thermal and 

flame retardant properties of the prepared EP nanocomposites, mainly the residue weight in TGA, 
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LOI value and peak HRR will be considered to systematically evaluate the interfacial charring 

efficiency. The interfacial status after burning test will be well characterized (e.g., SEM, XPS, XRD) 

to understand the interfacial charring behavior. 

 

Scheme 6-3. The PDA-assisted surface functionalization of CNT materials. 

6.2.2 To study the effect of adhesive molecular structure on interfacial strength 

Silane coupling agents are very useful for improving the filler–matrix interactions in composite 

materials. Amine functional silane coupling agent is effective to improve the dispersion of fillers 

and increase the mechanical properties of EP composites due to the strong interaction between 

amino and epoxy groups. In our research, the phosphorus-based flame retardant, DOPO was grafted 

on [3-(2-Aminoethylamino)propyl]trimethoxysilane (Dow Corning® Z-6020) via AT reaction to 

form the DOPO-based silane coupling agent (Z6020-DOPO). The use of Z6020-DOPO contributed 

to an improved interaction between HGM/CF and EP matrix due to the presence of two amine 

functional groups in Z6020-DOPO. However, we only provided one of the most basic molecular 

structures of Z6020-DOPO. Other molecular structures, and the unreacted Z-6020 may co-exist in 

the obtained product (as seen in Scheme 6-4). DOPO-based silane coupling agent with a different 

molecular structure will definitely influence the interactions between modified filler and EP matrix. 

Therefore, in our future work, we hope to precisely evaluate the effect of adhesive molecular 

structure on the filler–matrix interfacial strength.  
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Scheme 6-4. Possible molecular structures of obtained DOPO-based silane coupling agent via AT 

reaction between Z-6020 and DOPO. 

To carry out this work, the synthesis and characterization of different DOPO-based amine 

functional silane coupling agents need to be firstly performed. Then carbon fabric modified by 

different silane coupling agents will be adopted to prepare the EP composites. Fiber push-in (or 

push-out) test will be carried out to measure the fiber–matrix interfacial strength. To obtain the 

reliable data of interfacial strength, the sample preparation and testing procedure need to be very 

well controlled. Moreover, the chemical and morphology status of fiber–matrix interface will be 

investigated to understand the interface (or interphase) bonding and failure mechanism. We believe 

a clear and solid understanding on the relationship between molecular structure of silane coupling 

agent and filler–matrix interfacial strength is strongly desired in both scientific and industrial 

communities, and will be highly instructive in the future design of high performance polymer 

composites. 
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