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Abstract 

2,2’-diallyl bisphenol A (DBA) modified bismaleimide resins (BDM) are widely 
used as polymer matrix of high-performance composites in the field of aerospace, 
transportation, machinery, and electronics. This kind of resin has excellent properties, 
including good thermal stability, good processing performance, high mechanical 
strength, excellent dielectric properties, etc. However, as for most organic resins, the 
flame retardancy of the BMI resins is not so good. In order to expand the use of these 
resins in industrial scope, it is essential to improve the flammability properties. 
Therefore, a BDM/DBA system was selected as the polymer matrix in this paper. 
Phosphorus-containing flame retardants are widely used as flame retardants. In this 
work, based on 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), we 
synthesized a series of phosphorus-silicon hybrid flame retardants and built different 
flame retardant systems, and investigated the corresponding flame retardant 
mechanisms.  

The research work is composed of the following parts: 
1. 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and vinyl 

triethoxy silane (VTES) were used to synthesize the polymer indicated as DOPO-VTES. 
After that, the organic-inorganic particle DV-APTES was successfully synthesized by 
a sol-gel method, the aim of which is to combine both phosphorus and silicon elements 
in one molecular structure. The particles of DV-APTES were used to modify the 
BDM/DBA resin. The flame retardant properties and flame retardant mechanisms were 
investigated. According to LOI and UL-94 tests, DV-APTES endows better flame 
retardant properties to the resin. Moreover, TG-FTIR showed that DV-APTES acts 
primarily in the condensed phase. 

2. DOPO-VTES was the starting material in the reaction to obtain the hydrolysate 
DOPO-POSS by controlling the hydrolysis conditions. Based on the research of 
phosphorus-silicon hybrid particles, the DOPO-containing polyhedral oligomeric 
silsesquioxane (DOPO-POSS) was employed as flame retardant in the BDM/DBA 
system. Compared with DV-APTES, DOPO-POSS has a special chemical composition 
(RSiO1.5), which results in cage-shaped, three-dimensional structures. The influence of 
DOPO-POSS on the flame retardancy, thermal stability, and dielectric properties was 
investigated. Compared with the BDM/DBA/DOPO system, DOPO-POSS endows the 
resin with much better flame retardancy, which results from the synergistic effect of 
phosphorus and silicon. Real-Time FTIR and TG showed that DOPO-POSS promotes 
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the char residue formation and the Si-O-Si structure in the DOPO-POSS forms a 
protective layer composed of SiO2 which can protect the matrix from decomposition 
during burning. Moreover, the low polarity of Si-O-Si and the porous structure in the 
cage of DOPO-POSS can improve the dielectric properties of the modified resin.  

3. γ -aminopropyltriethoxysilane (APTES) modified MWCNTs (MWCNTs-
NH2) was produced by the surface modification of multi walled carbon nanotubes 
(MWCNTs), which was used as the synergist in the BDM/DBA/DOPO system. The 
SEM results showed that pure MWCNTs aggregated in the matrix while MWCNT-NH2 
exhibits excellent dispersion. Compared with the BDM/DBA/DOPO system, the 
thermal stability of BDM/DBA/MWCNTs-NH2 was improved, which can be explained 
by the fact that MWCNTs-NH2 reacts chemically with BDM to form a network 
structure; this kind of structure acts as a physical barrier to delay the release of 
degradation products. Furthermore, the addition of MWCNTs-NH2 improved the 
mechanical properties of the resin to some extent, which counteracts the damage to the 
mechanical properties caused by DOPO.   

4. Based on the above research, in order to increase the efficiency of the flame 
retardants, DOPO-VTES was grafted to the surface of the two-dimensional carbon 
material graphene oxide (GO), which produces a high-efficiency flame retardant 
material (DV-GO) composed of different flame retardant elements. As shown by TEM, 
DOPO-VTES was grafted to the surface of the GO sheets uniformly. According to LOI 
and UL-94 tests, compared with BDM/DBA/GO and BDM/DBA/DOPO-VTES resins, 
the flame retardant properties of BDM/DBA/DV-VTES were better, which confirms 
that there is a synergistic effect between GO and DOPO-VTES. The results in cone 
calorimeter tests (CCT) showed that the addition of DV-GO would decrease both PHRR 

and THR values, which means the flame resistance of the resin was improved. 
According to Raman results, the existence of DV-GO increases the graphitization 
degree of the char residue, forming a dense and high-quality char layer, which can 
reduce the heat and mass transfer between the flame and the matrix.   
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Zusammenfassung 

Der Einsatz von Bismaleimidharz (BDM) modifiziert mit 2,2'-Diallyl-bisphenol-
A (DBA) als Matrix von Hochleistungskompositen ist in der Luft- und Raumfahrt, dem 
Transportwesen, sowie in der Maschinenbau- und Elektronikindustrie weitverbreitet. 
Das modifizierte Harz zeichnet sich besonders durch hervorragende thermische 
Stabilität, leichte Verarbeitbarkeit, hohe mechanische Festigkeit und dielektrische 
Eigenschaften aus. Jedoch sind die flammhemmenden Eigenschaften der BDM-Harze 
wie für die meisten organischen Harze gering. Um industriellen Anwendung gerecht zu 
werden, ist es somit wesentlich, das Flammverhalten dieser BDM/DBA-Systeme zu 
verbessern, die als Kompositmatrix für diese Arbeit ausgewählt wurden. Neben 
verschiedenen anderen Additiven sind phosphorhaltige Zusätze als 
Flammschutzhemmer weitverbreitet. In dieser Arbeit wird die Synthese von Phosphor-
Silizium-Hybrid-Flammschutzsystemen basierend auf 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) beschrieben und die entsprechenden 
Flammschutzmechanismen werden untersucht. 

Folgende Flammschutzsysteme wurden entwickelt: 
 1. Zunächst wurde, basierend auf DOPO und Vinyl-triethoxy-silan (VTES), eine 
makromolekulare Verbindung (DOPO-VTES) synthetisiert. Anschließend wurden 
organisch-anorganische Partikel (DV-APTES) erfolgreich in einem Sol-Gel-Verfahren 
hergestellt mit dem Ziel, Phosphor- und Silizium-Atome in einer Molekülstruktur zu 
kombinieren. Die Partikel DV-APTES wurden verwendet, um das BDM/DBA-Harz zu 
modifizieren und die flammhemmenden Eigenschaften sowie den Mechanismus der 
Flammhemmung zu untersuchen. Die LOI und UL-94 Untersuchungen zeigten, dass 
DV-APTES dem Harz ein verbessertes Flammverzögerungsverhalten verleiht. Darüber 
hinaus zeigten TG-FTIR-Messungen, dass DV-APTES einen großen Einfluss auf die 
Ausbildung der kondensierten Phase bei der Verbrennung hat. 

2. DOPO-VTES wurde als Ausgangsmaterial für die Reaktion verwendet, um das 
DOPO-haltige Hydrolysat durch Steuern der Hydrolysebedingungen aus 
polyedrischem oligomeren Silsesquioxan (DOPO-POSS) zu erhalten. Basierend auf der 
Untersuchung von Phosphor-Silizium-Hybrid-Partikeln wurde DOPO-POSS als 
Flammschutzmittel im BDM/DBA-System eingesetzt. Im Vergleich zu DV-APTES hat 
DOPO-POSS eine besondere chemische Zusammensetzung (RSiO1.5) und bildet eine 
käfigförmige und dreidimensionale Nanostruktur aus. Der Einfluss von DOPO-POSS 
auf Flammhemmung, thermische Stabilität und dielektrischen Eigenschaften wurde 
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untersucht. Im Vergleich zum BDM/DBA/DOPO-System konnte DOPO-POSS dem 
Harz eine wesentlich bessere Flammhemmung verleihen, die aus der synergistischen 
Wirkung von Phosphor und Silizium resultiert. Wie Echtzeit-FTIR und TG-
Untersuchungen zeigten, fördert DOPO-POSS die Bildung von Verkohlungsresten; da 
die Si-O-Si-Struktur im DOPO-POSS eine Schutzschicht bildet, die aus SiO2 besteht 
und die Matrix vor Zersetzung während des Brennens schützt. Darüber hinaus können 
die niedrige Polarität von Si-O-Si und die poröse Struktur des DOPO-POSS-Gitters die 
dielektrischen Eigenschaften des modifizierten Harzes verbessern. 

3. γ -amino-propyl-triethoxy-silan (APTES) modifizierte Multi Wall Carbon 
Nanotubes ((MWCNTs), bezeichnet als MWCNTs-NH2, wurden durch 
Oberflächenmodifikation von MWCNTs hergestellt und als Synergist für das 
BDM/DBA/DOPO-System verwendet. Die SEM-Ergebnisse zeigten, dass reine 
MWCNTs in der Matrix aggregieren, während MWCNT-APTES eine ausgezeichnete 
Dispersion aufweisen. Im Vergleich zum BDM/DBA/DOPO-System zeigte sich für das 
System BDM/DBA/MWCNTs-NH2 eine verbesserte thermische Stabilität. Dies kann 
durch die Tatsache erklärt werden, dass MWCNTs-NH2 eine chemische Reaktion mit 
BDM zur Bildung einer Netzwerkstruktur eingehen kann. Eine solche Struktur dient 
als physikalische Barriere und verzögert die Freisetzung von Abbauprodukten während 
der Verbrennung. Darüber hinaus verbesserte die Zugabe von MWCNTs-NH2 die 
mechanischen Eigenschaften des Harzes und wirkt den verringerten mechanischen 
Eigenschaften verursacht durch DOPO entgegen. 

4. Um die Effizienz der Flammhemmer zu erhöhen, wurde DOPO-VTES auf die 
Oberfläche des zweidimensionalen Kohlenstoffmaterials Graphenoxid (GO) gepfropft, 
um somit ein hochwirksames Flammschutzmittel (DV-GO) bestehend aus 
verschiedenen Flammhemmern zu erhalten. In den TEM-Untersuchungen zeigte sich, 
dass DOPO-VTES gleichmäßig auf die Oberfläche der GO-Plättchen gepfropft werden 
kann. Aus LOI- und UL-94-Untersuchungen lässt sich ableiten, dass die 
flammhemmenden Eigenschaften von BDM/DBA/GO- und BDM/DBA/DOPO-
VTES-Harzen im Vergleich zum System BDM/DBA/DV-VTES besser sind. Der 
synergistische Effekt zwischen GO und DOPO-VTES konnte somit bestätigt werden. 
Die CCT-Ergebnisse zeigen, dass der Zusatz von DV-GO sowohl den PHRR- als auch 
den THR-Wert verringert und folglich die Flammenschutz des Harzes verbessert. Aus 
den Raman-Spektren lässt sich schließen, dass der Zusatz von DV-GO den 
Graphitierungsgrad des Verkohlungsrestes erhöht und sich eine dichte und hochwertige 
Kohlenstoffschicht ausbildet, die die Wärme- und Stoffübertragung zwischen Flamme 
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und Polymermatrix verringern kann. 
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Chapter 1 Introduction 

1.1 Composite based on bismaleimide (BMI) 

In recent years, with the rapid development of Chinese economy, comprehensive 
national strength has been improved. Under such a background, the Chinese 
government has focused on the development of high technology fields, such as 
aerospace, aviation, and electrical products. Thus, the development of high- 
performance composites receives great attention. It is well known that traditional 
composites based on carbon fibers/epoxy, can be used at temperatures under 121°C for 
a long time and at temperatures below 204°C for a short time. However, the requirement 
of operation temperature for new spacecrafts and commercial aircrafts has been 
increased to 316-538°C. Therefore, from the beginning of the 1970s, a number of high-
performance resins have been used widely, for example, polyimide (PI), bismaleimide 
(BMI), and cyanate, etc.      

Bismaleimide (BMI) resins are a novel kind of thermosetting polymers which are 
widely used in industry because they have a lot of special properties such as stable 
electrical properties in a wide range of temperatures, good mechanical properties, and 
excellent processing performance. Normally, BMI is defined as low molecular weight 
difunctional monomers, prepolymers or mixtures that contain maleimide groups, as 
shown in Figure 1.1. With this kind of maleimide end groups, BMI can undergo 
homopolymerization and copolymerization reactions to form highly cross-linked 
networks.  

 
Figure 1.1 Structure of bismaleimide resin 

In 1968, Rhone Poulenc firstly reported a kind of cross-linked resins which was 
obtained by homopolymerization or copolymerization of BMI [1]. After that, a series 
of chemical modifications were applied to improve processability and properties of 
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BMI resins.  
The main drawback of BMI resins is brittleness which is caused by the high cross-

link density. Ciba Geigy found that when combining BMI and o, o’-diallybisphenol A 
(DABA), which is XU292, the toughness of the copolymer was better than for high-
temperature epoxies. In 1975, the copolymers were patented by Zahir AC [2]. From all 
this information, it is known that a useful BMI resin should combine a BMI part and a 
co-monomer part due to the fact that toughness is essential for potential applications. 

Besides the fact that synthesizing new BMI building blocks and investigating their 
applications are essential, BMI blocks are not the final cured resin products. Although 
50-75 wt% of resins are composed of BMI blocks, other ingredients such as catalysts, 
additives, co-monomers, and elastomers are used to get high performance cured resins 
which are suitable for applications. Most of BMI resins are applied in printed circuit 
boards, moldings, and structural laminates.  

Nowadays, a resin composed of BMI and DABA is widely used in industry 
because BMI/DABA blends are solid at room temperature and thus it can offer good 
properties in prepregs. At room temperature, the viscosity of DABA is high which can 
be easily blended with BMI powder. When heated, complex ENE and Diels-Alder 
chemical reaction occur during the copolymerize process of BMI-DABA blends. The 
reaction process is presented in Figure 1.2.  

 

 
Figure 1.2 Reaction between BMI and DABA 

J. King reported that cured resins obtained from BMI/DABA prepolymers showed 
good toughness and temperature resistant properties [3]. Moreover, the toughness of 
BMI/DABA resins is influenced by the ratio of BMI and DABA in the matrix. For 
example, H. Stenzenberger reported that when the ratio of BMI and DABA was 2:1, the 
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toughness of BMI/DABA was good, which can be seen in Table 1.1 [4].  

Table 1.1 Properties of BMI/DABA resins 

 

Properties 

BMI/DABA molar ratio 

1.2/1 1.5/1 2/1 3/1 

Flexural strength, MPa 186 188 174 131 

Flexural moduls, GPa 4.02 3.94 4.05 4.14 

Deflection at breaking, % 7.78 7.30 5.53 3.50 

Plane-strain (KIc), Mpa √𝒎𝒎 0.97 0.86 0.80 0.64 

Glass transition temperature (Tg),℃ 279 282 288 288 

BMI resin is compimide 353A; curing condition: 175℃/3h+230℃/4h 

1.2 Combustion behavior of polymers 

Some polymers are known for high flammability, even accompanied by the 
production of toxic fumes and smoke during combustion. Thus, it is necessary to 
improve the fire behavior of polymers. Improving flame resistance depends on the 
nature and chemical structure of the matrix, its decomposition mode and the 
performances of the resulting materials. So the first thing is to consider the general idea 
of combustion and flame retardant mechanisms of polymers.  

The chemical structure of the polymer is made up of carbon and hydrogen, thus it 
is highly combustible [5].  

The combustion reaction mainly depends on combustibles and combustive. 
Normally, the combustive is oxygen in the air. When polymers are heated to high 
enough temperature, combustion starts which induces polymer bond scissions. The 
volatile products produced during the burning process diffuse into the air and eventually 
create combustible gas mixtures (which is also called fuel). When the ignition 
temperature (which is defined as the temperature at which the activation energy of 
combustion reaction is reached) is reached, the gas mixture ignites. This combustible 
mixture can also burn at low temperature with the existence of an external source of 
intense energy.  

The combustion cycle depends on the amount of heat liberated during the 
combustion of fuel. If the amount of heat liberated is high enough, new decomposition 
of the solid phase of matrix occurs, and as a result, more combustibles are produced. 
The combustible cycle is shown is Figure 1.3. The burning process contains some 
reactions and transport phenomena in the solid, gas and interfacial phases. There are 
several sources of heat: thermal energy from an external source; chemical process 
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induced inside the matrix material; exothermicity of the combustion reaction. As for 
polymers, the quantity that is needed for initiating combustion is different as the 
physical characteristics of materials are different.   

 
Figure 1.3 Combustion cycle  

The thermal decomposition of a polymer is an endothermic process, which means 
energy is absorbed during the decomposition process. If the energy provided to the 
system is higher than the binding energy between the covalently linked atoms (200-
400kJ/mol for most C-C polymers), bond scission occurs. The decomposition 
mechanism is highly dependent on the weakest bonds, and also on the presence or 
absence of oxygen in the solid and gas phases. Thermal decomposition is the result of 
a combination of the effects of heat and oxygen. There are two kinds of thermal 
decomposition: one is non-oxidizing thermal degradation; another is oxidizing thermal 
degradation [5].  

Normally, non-oxidizing thermal degradation is initiated by chain scissions under 
pyrolysis. Chain scission normally can happen in two ways: 

 By formation of free-radicals (R1 − CH2 − CH2 − R2 → R1 − CH2 ∙ + ∙
CH2 − R2). In this case, the reaction will not stop at this stage due to the fact 
that these radicals start a chain reaction, which occurs under both oxidizing 
and non-oxidizing conditions. 

 By migration of hydrogen atoms and the formation of two stable molecules, 
one of which has a reactive C=C bond (R1 − CH2 − CH2 − R2 → R1 − CH =
CH2 + CH3 − R2). 

In other cases, the polymer reacts with oxygen in the air and produces some low 
molecular weight products: carboxylic acids, alcohols, ketones, aldehydes, etc. 
Oxidation can lead to crosslinking by recombination reactions of the macromolecular 
radicals. But, bond scission usually remains the dominant reaction.   

According to some researchers’ investigation [6], if the combustion temperatures 
are above 300°C, the degradation process of polymer happens by non-oxidizing thermal 



 

5 
 

decomposition process. Oxidation process only occurs in the gas phase with the 
presence of low molecular weight compounds produced by thermal decomposition. The 
gas produced through pyrolysis mix with oxygen first through convection and diffusion 
into the layer close to the surface creating free radicals, and then ignites. The 
concentration of oxygen has large effects on ignition. 

Furthermore, flame propagation is mainly influenced by thermal transfers. More 
specifically, conductive and convective transfers are important in the initial phase of 
fire development when the height of the flames remains limited to a few tens of 
centimeters.  

1.3 Overview of flame retardants  

Fire hazard is defined as the potential of materials to contribute significantly to 
fires, which may get out of control and cause damage [7]. Some of the materials we use 
widely today have the possibility to burn. Materials made of carbon can burn when 
heated and oxygen is present, such as wood and plastics. Thus, the application of 
plastics, either petroleum or bio-based, increases risks in all aspects of life. People 
should notice that these materials cause fire hazard, which means if they catch fire, they 
may will burn and set other things on fire.  

The objective of fire precautions is to decrease the amount of and damage from 
fires through preventing their initiation, limiting their propagation and finally 
eliminating fire flash. As we all know, preventing or delaying fires can provide a longer 
period of time for humans to escape from danger. In the end, life, health, and property 
are efficiently protected.  

The most convenient and effective method to protect combustible materials from 
fires is the application of fire retardants. The use of flame retardants can improve the 
fire safety level of combustible materials such as thermoplastics and meet the 
requirements for fire sources of small and higher energies up to 40 kW/m2 [8]. As for 
flame retardants, the most important are those based on bromine, chlorine, phosphorous, 
nitrogen, antimony, metal salts and hydroxides. The application of these substances in 
the fabricating of flame retarding polymers, rubbers and textiles, makes these products 
meet the requirements of fire precaution and to improve fire safety level of these 
combustible materials. The use of flame retardants to decrease combustibility of the 
polymers, and to decrease smoke or toxic fume production, thus becomes an important 
part of the development and application of new materials. Among the major markets 
where flame retardants are required, the industries dealing with construction, electrical 
and electronics components and transportation are the three of greatest importance [9]. 
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(Table 1.2)  
Table 1.2 Flame Retardant (FR) Market Application 

Market area Subgroup FR requirements 

Building construction and contents Building Containment 

 Interior finishing Flame spread 

 Furnishings Ignition resistance 

Electrical and electronics Appliances Ignition resistance 

 Electronic devices Flame spread 

 Wire and cable  

Transportation Automobile Escape time 

 Rail Containment 

 Aviation and aerospace  

Generally, flame retardants can be divided into two parts: normal additives and 
reactive additives. Normal additives are those which do not chemically bond to the 
polymer and are mixed into polymer either during polymerization or during melt 
compounding of the thermoplastic material. As normal additives, they are part of 
polymer formulations and tend to be the most common type of flame retardant additives. 
Reactive additives are those applied in the polymerization or post-processing step that 
chemically bonds to the polymer backbone. Reactive additives can be copolymerized 
as a new monomer or grafted onto the polymer backbone by a post-polymerization 
reaction. In industry, normal additives are more common than reactive flame retardant 
additives. Additionally, combinations of normal additives and reactive additives may 
produce a synergistic, additive or antagonistic effect. Although the additive effect is the 
sum of the individual actions, the effects of synergism and antagonism are higher and 
lower than the simple sum. When used alone, the effect of synergists turns out to be 
worse. That is to say, the synergistic effect only occurs when they are used together 
with certain other flame retardants. The application of flame retardant/synergists is 
quite important in practical use because the cost for these systems is much cheaper than 
using flame retardants alone. 

   All these flame retardants fall into one (or more) of the three mechanisms of flame 
retardant action. The three mechanisms are gas phase flame retardants, char forming 
flame retardants, and endothermic flame retardants, which are detailed as follows: 

(1) Gas phase flame retardants (for example, phosphorus) 
Flame retardants act by reducing heat release in the gas phase during burning 

through eliminating reactive free radicals. 
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(2) Char forming flame retardants (for example, intumescents, nanocomposites) 
Char-forming flame retardants act in the condensed phase by preventing fuel 

release through changing fuel parts to non-pyrolyzable carbon (char) and offering 
thermal insulation for the polymer matrix by the formation of char layers. 

(3) Endothermic flame retardants (for example, metal hydroxides) 
Endothermic flame retardants can release non-flammable gasses, such as CO2, 

H2O, to dilute the fuel and make the matrix cool by endothermic decomposition of the 
flame retardant additives. If temperature of the substrate is low, the pyrolysis rate will 
be slow. Moreover, char residues of polymers containing these flame retardants show a 
ceramic-like structure which can protect the polymer matrix.  

1.4 Phosphorus-containing flame retardants 

In the past, halogen-containing flame retardants (especially bromine-containing 
flame retardants) occupied a large part of the flame retardant market. But now, due to 
the fact that halogen-containing materials caused serious environmental problems and 
end-of-life issues, industries and researchers show their interests in halogen-free 
solutions [10-12]. The predominance of patents and published papers on halogen-free 
flame retardants pays attention to phosphorous containing products. 

Till now, it is an open question whether halogen-containing products should be 
banned largely or not, which has not been solved totally on scientific ground [13]. Some 
halogen-containing compounds, such as old tris(dibromopropyl)phosphate definitely 
are toxic, and have already been banned since the 1970s. Another one is 
pentabromodiphenyl ether which has environmental pollution issues and was banned 
in Europe and some US states. However, as for decabromodiphenyl ether, there exists 
some doubt about it. According to some risk analysis reports in UK, it is very 
economical and seems favorable for recycling. The attitude of the European Union is 
supportive and the EU upholds that it can be used continuously. But there are still critics 
about it. Moreover, it is a difficulty for the public to distinguish halogen-containing 
products from halogen-free products. It seems that not all of halogen-containing flame 
retardants are doomed; some market researchers estimate that there would be a good 
growth rate in Asia, and some new production facilities are being built. However, 
researchers and industries want to have some alternatives. For example, some 
phosphorous containing alternatives have been found to replace bromine in the market 
[14]. Therefore, it is necessary to investigate the application of halogen free flame 
retardants such as phosphorous. 
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1.4.1 Category of phosphorus-containing flame retardants 
The range of phosphorus-containing compounds is very wide and corresponding 

materials are versatile because phosphorus exists in several oxidation states. For 
example, phosphines, phosphine oxides, phosphonium compounds, phosphonates, 
elemental red phosphorous, phosphites, and phosphate can be used as flame retardants 
[15-19]. Phosphorus-based flame retardants can be divided into reactive and non-
reactive types. The non-reactive type is used as additives in the polymer matrix (such 
as red phosphorus), while normally the reactive type is incorporated into the polymer 
chain during synthesis which is known to be active in the condensed or gas phase. 
Normally, the reactive type can be broadly divided into three categories: simple reactive 
phosphate monomers; linear polyphosphazenes and aromatic cyclic phosphazenes. 

 Red phosphorous  

Red phosphorus is the most concentrated source of phosphorous for flame 
retardancy. It is very effective for polyester, polyamides and polyurethane, by addition 
of less than 10wt%. For example, when only 6-8 wt% red phosphorous was added to 
glass-filled PA-66, the flame retardant level of the composite reached V-0 in the UL-94 
test [20].  

In 1965, Piechota reported that red phosphorous can be used as the flame retardant 
for polyurethane, which is the first report about the flame retardant application of red 
phosphorous [21]. At first, it was reported that red phosphorous only has effect in 
polymers containing oxygen atoms (such as polyesters, polyamides, and polyurethanes, 
etc.) Based on this, at that time the flame retardant action of red phosphorous was 
thought to be specific scavenging of oxygen-containing radicals, thus preventing the 
secondary pyrolysis step which leads to the generation of gaseous fuel species [22]. 
Later it turned out that through thermal oxidation, red phosphorous changes to 
phosphorous acid or phosphoric anhydride in oxygen- and nitrogen-containing 
polymers, which acts in catalyzing the dehydration reaction of polymer chain ends and 
char formation [23]. However, researchers found that red phosphorous can also work 
in non-oxygenated polymers [24]. Thus, an additional flame retardant mechanism was 
proposed, which is that red phosphorous depolymerizes into white phosphorous. When 
the temperature is high enough, white phosphorous can then volatilize and act in the 
gas phase. Also, white phosphorous migrates to the surface of the polymer matrix and 
is gradually oxidized to phosphoric acid derivatives which act as char forming agents 
[25, 26].  

However, red phosphorous has major problems. During the melting process, it will 
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release phosphine which is highly toxic. Another disadvantage is that moisture 
produced during the reaction may destroy the thermal stability of the polymer matrix. 
These problems can be solved by prior polymeric encapsulation of the red phosphorus 
[27-29]. For example, in Qiang Wu’ report [30], microencapsulated red phosphorus 
(MRP) was synthesized by a two-step coating process with a melamine-formaldehyde 
resin coating layer. Compared with pure red phosphorous, the ignition point of MRP is 
higher; the amount of phosphine evolution and of water absorption is lower. The results 
showed that the addition of MRP reduces the heat release rate and effective heat of 
combustion of MRP/polyolefins composites. Moreover, MRP can improve the thermal 
stability and LOI values of composites.  

 Simple reactive phosphorous monomers 

Simple reactive phosphorous monomers have been prepared and polymerized in 
the past.  

9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is one of the 
basic structures in simple reactive phosphorous monomers. Synthesis of 
organophosphorus compounds based on DOPO and its use as flame retardant have 
attracted many researchers. Different chemical reactions and synthetic methods are 
applied to develop novel derivatives of DOPO. There are some curing agents based on 
oxirane compounds and diphenols or diamines, which are synthesized from DOPO, as 
shown in Figure 1.4 [31-33]. M. Döring presented a novel DOPO-based diaminic 
hardener for DGEBA. Compared with DGEBA/DDS systems, the LOI value of a 
DGEBA/DDS/ DOPO-based flame retardant increased by 17% and the UL-94 level 
was improved from HB to V-1. More interestingly, all these improvements were 
achieved with phosphorous contents of only about 1 wt% of the composites [34].  
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Figure 1.4 Epoxides based on phosphine oxide and phosphate 

Poly(phosphate ester)s are an important kind of organophosphorus based flame 
retardants. This material can endow good flame retardancy and attractive plasticizing 
properties to the polymer matrix. The advantage of polymeric or oligomeric additives 
over conventional non-polymeric additives is that they have better resistance to 
extraction, migration, and volatile-loss. 

A large number of poly(phosphate ester)s was synthesized by Kishore and other 
groups, as shown in Figure 1.5 [35, 36]. The main idea is that the introduction of a 
flexible phenyl or naphthyl group to the rigid aromatic polymer chain can improve the 
flame retardancy and the solubility of the polymer in organic solvents without 
sacrificing thermal stability.  
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Figure 5 Structure of poly(phosphate)s where X= H, CH3, OCH3, NO2, Br; R=CH3, 

C2H5, n-C3H7, n-C4H9, iso-C4H9, iso-C5H11 

In other cases, flame retardant poly(ester)s were made by incorporation of various 
phosphorous units into poly(ethylene-1,4-terephthalate) (PET) or poly(ethylene-2,6-
naphthalate) (PEN). This modified polymer is blended with commercial poly(ester)s 
for film applications and in the electronic field [37-40]. (Figure 1.6)  

 
Figure 1.6 Phosphorous containing monomers of PET and PEN 

 Linear poly(phosphazene)s 

Poly(phosphazene)s can be defined as hybrid inorganic-organic polymers, and the 
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inorganic element is incorporated in the backbone of the polymer or the organic side 
chain [41-44].(Figure 1.7)  

 
Figure 1.7 Normal structure of poly(phosphazene) and cyclophosphazene 

The existence of –P=N– unit can form high molecular weight linear chain, 
branched, cross-linked or dendritic structures by ring opening polymerization of 
hexachlorocyclotriphosphazene and subsequent substitution reactions with various 
nucleophiles. This kind of additives can form homopolymers or copolymerize with 
other monomers or polymer blends. Due to the fact that there is phosphorus in the 
polymer chains, these polymers have intrinsically good flame retardancy. However, 
there are few reports about flame retardancy application of linear poly(phosphazene).  

 Aromatic cyclic phosphazenes 

Generally, there are nitrogen or phosphorous atoms in the backbone of 
cyclotriphosphazenes, and thus, they show great thermal properties with respect to 
flame retardancy and self-extinguishability [45]. The incorporation of 
cyclotriphosphazenes to the chain of thermoplastic polymers or the network of 
thermosetting polymers can improve the thermal stability and flame resistance of 
polymeric materials.  

Most cyclotriphosphazenes are made from hexachlorocyclotriphosphazene which 
has six reactive chlorine atoms. It is known that the reactivity of chlorine atoms towards 
nucleophilic substitution is high, which can be used to introduce some special 
functional groups [46, 47]. Phosphazenes containing hydroxyl groups, phosphazenes 

containing amino groups, phosphazenes containing epoxy groups, phosphazenes containing 

carbon–carbon unsaturated groups and phosphazenes containing carbonyl groups all belong to 

this group. 

For example, the phosphazene family which is formed by amine-containing 
cyclotriphosphazenes, provides a wide range of synthetic transformations [48, 49] 
(Figure 1.8). Chen-Yang synthesized the reactive bis(p-
aminophenoxy)tetra(phenoxy)cyclotriphosphazene, which was used as a precursor for 
introducing the cyclotriphosphazene ring to polyimides. The results showed that final 
products had better thermal stability and higher char yield [48].  
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Figure 1.8 Structure of amino cyclotriphosphazene for epoxy curing applications  

 

1.4.2 Mechanism of phosphorus-containing flame retardants  
Phosphorus-containing compounds are unique because they can act as gas phase 

or condensed phase flame retardants. In the condensed phase, they can act through 
improving char forming [50, 51], producing intumescence [52, 53], or by inorganic 
glass formation [54]. In the gas phase, they can act by flame inhibition [55]. The 
flame retardant mechanism depends on their chemical structure and their interaction 
with the polymer matrix during combustion. Sometimes phosphorus-containing flame 
retardants are applied together with other flame retardants to obtain synergistic 
effects.  

 In the gas phase 

It has been reported that the action of flame retardants containing phosphorus is 
similar to halogen-containing flame retardants [56]. Hydrogen and hydroxyl radicals 
are turned to be harmless by radical recombination in the gas phase or replaced by other 
radicals, as shown in following equations. Flame inhibition occurs as chain reactions 
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of the oxidation of hydrocarbons are stopped or slowed down. In the gas phase, the 
effect of phosphorus is similar to the effect of hydrogen halides such as HBr [57].  

                                      PO ∙ +H ∙→ HPO                        
PO ∙ +OH ∙→ HPO2 

HPO + H ∙→ H2 + PO ∙ r 
OH ∙ +H2 + PO ∙ r → H2O + HPO 

HPO2 ∙ +H ∙→ H2O + PO 
HPO2 + H ∙→ H2 + PO2 

HPO2 ∙ +OH ∙→ H2O + PO2 

 In the condensed phase 

The phosphorus compounds kept in the condensed phase improves flame 
retardancy of the polymer material as well. Their role is to enhance char forming or 
produce inorganic glasses. The addition of phosphorus compounds can lead to 
dehydrate polymeric structures, which causes cyclisation, cross-linking or 
aromatization/graphitization. It can lead to cross-linking for which phosphorus 
compounds or their decomposition products act as cross-linkers. And it can lead to the 
formation of inorganic glasses such as polyphosphates, but probably also phosphoric 
acid.   

1.4.3 Development of phosphorus-containing flame retardants 
As it is true for other flame retardants, phosphorus-containing compounds also 

have their drawbacks. Firstly, compared with halogen-containing flame retardants, they 
are not used widely. Secondly, sometimes halogen-containing compounds themselves 
have little or even no effect if used in polyolefins or polystyrene. Thirdly, due to the 
flame inhibition effect, this kind of flame retardants produce more CO and smoke 
during combustion.  

Thus, there are some development trends for phosphorus-containing flame 
retardants. 

(1) Inorganic phosphorus flame retardants need to be more sophisticated and 
specialized. 

(2) Development of efficient, low toxicity phosphorus-containing flame retardants.  
(3) The addition of flame retardants should not sacrifice the intrinsic properties of 

the matrix. 
(4) Development of phosphorus-containing flame retardants with high molecular 

weight to improve their thermal stability. 
(5) Investigation of synergistic flame retardant systems, such as N-P, and Si-P. 
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(6) Development of multi-functional flame retardants to endow the polymer matrix 
with other properties such as antistatic, plasticized, seismic performances, etc. 

(7) Concerns about production and practical applications of flame retardants and 
improvements of processing technology to make them more productive.  

 1.5 Silicon-containing flame retardants 

Since the 1940s, silicon-containing materials have been produced commercially. 
Silicone industries have been developed greatly in the past sixty years. The application 
of silicone materials is mainly in electrical, transportation, aerospace, engineering and 
cosmetics fields [58]. Generally, the main structure of polysiloxanes has an influence 
on their temperature stability, for example the strength of the Si-O bond, the flexibility 
of the -[Si-O]x- chain [59]. Furthermore, heat release rates (HRR) and carbon monoxide 
release of silicones are low, and silicones are not sensitive to external heat flux. It is 
reported that the HRR of most silicones is in the range of 60-150 kWm-2 [60]. When 
burning, the burning rate of silicones is slow; there are no dripping and emissions of 
toxic smokes. Due to all these advantages, silicones are often used as flame retardants.  

Some researchers have published that the usage of a small amount of silicon 
compounds can improve the flame retardancy of polymeric materials [61-63]. Silicone 
compounds act both in the condensed phase by char forming, and in the gas phase by 
trapping of active radicals. This additive is considered to be “environmentally friendly” 
due to the fact that its application decreases the harmful impact on the environment 
when compared with other materials [64-68]. Silicones can be applied as flame 
retardants through direct blending with the matrix, incorporation into porous fillers, or 
by synthesizing block/graft copolymers including silicone segments. Normally, silicone 
powder additive is a combination of polydimethylsiloxane and fumed silica. The 
compatibility of this powder has been improved through modification with 
organofunctional reactivity (such as amino, epoxy, etc.). In other cases, silicones are 
used together with traditional fire retardant systems, such as for example ammonium 
polyphosphate and magnesium in order to improve the flame retardancy of the polymer 
matrix.  

In this part, the application of linear silanes/siloxanes and silsesquioxanes as fire 
retardant systems are presented.  

1.5.1 Category of silicon-containing flame retardants 

 Linear silanes/siloxanes 

The development of novel, reactive silicone-containing flame retardants is 
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promoted by the requirement of high-performance epoxy [69-72]. According to the 
research of Iji, all of the tested powder siloxanes, even with low content, can decrease 
the peak release rate by 70-80% compared with the near polymer matrix. And the tested 
fluid siloxane can reduce the peak release rate by 50-78% [73].  

Polydimethysiloxane (PDMS) is an important polymer in the silicone materials 
industry, which is in the top list of polymers for application at high temperature. PDMS 
exhibits a number of attractive properties including high chain flexibility, high thermal 
and oxidative stability, low-temperature flexibility and good hydrophobicity [74, 75]. 
The chemical structure of PDMS is shown in Figure 1.9.  

Ying-Ling Liu’s group investigated flame retardant systems composed of a 
phosphorus-containing epoxy resin and various types of silicon additives including 
nanoscale colloidal silica (CS), teraethoxysilane (TEOS) and diglycidylether 
terminated polydimethysiloxane (PDMS-DG). PDMS-DG showed excellent 
performance with respect to silicone migration and could form a protective layer for 
protecting char from further degradation [76]. It was reported that the addition of 
hydroxyl terminated PDMS can improve the flame retardancy of polyurethanes in the 
form of a block copolymer [77].  

  The addition of siloxane can also improve flexural and impact properties to meet 
the requirements of high-performance aerospace and other engineering applications. 
Diamino-terminated PDMS can be used as a curing agent for epoxy resin, while its 
incorporation can induce silicone units into an epoxy resin [77].  

In other cases, some researchers synthesized silicone containing epoxides, which 
can be cured by themselves or blended with other epoxy monomers to form cured epoxy, 
such as shown in Figure 1.10 [78-82]. One advantage is that combination of silicone-
based epoxy with diamine curing agents produces a resin with high silicon content 
which may lead to better flame retardancy and increasing char yield [82]. Normally, 
silicone-based flame retardants can be used together with phosphorus-containing flame 
retardants in order to obtain synergistic effects [61-63, 83]. For example, Ging-Ho and 
coworkers prepared epoxy resins containing phosphorus and/or silicone (as shown in 
Figure 1.11) and investigated their flame retardancy [62]. They found that epoxy resins 
containing both Si and P show Si-P synergistic effects on LOI enhancement and 
improved flame retardancy. LOI values of resins can be improved from 26 to 36.   
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Figure 1.9 Chemical structure of PDMS 

 
Figure 1.10 Silicone containing epoxides 

 
Figure 1.11 Chemical structures of phosphorus and silicone containing epoxides and 

curing agents  

Tetraethyl orthosilicate (TEOS) is another kind of important silicone materials and 
is now often used in the flame retardant fields. Its chemical structure is shown in Figure 
1.12. The application of TEOS is through a sol-gel process to prepare organic-inorganic 
composites which have good flame retardancy. Hsin Hao and coworkers [84] reported 
a novel phosphorus-containing epoxy-based epoxy-silica hybrid material with a 
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nanostructure obtained from bis(3-glycidyloxy)phenylphosphine oxide, 
diaminodiphenylmethane, and TEOS. In this paper, they found that the silica is formed 
on a nanometer scale and disperses uniformly in the matrix. The phosphorus-silica 
synergistic effect caused the LOI value to improve to 44.5. 

 
Figure 1.12 Chemical structure of TEOS 

 Silsesquioxanes 

Polyhedral oligomeric silsesquioxane (POSS) is considered as a novel chemical 
feedstock technology for preparing nano-reinforced plastics [85]. POSS have the 
chemical composition (RSiO1.5) with different R groups, including hydrogen or any 
alkyl, alkylene, aryl, or arylene group, or organo-functional derivatives [86]. POSS 
molecules with nanosized, cage-shaped, three-dimensional structures can be 
incorporated into almost all kinds of thermosetting or thermoplastic polymers by 
grafting, blending, cross-linking or copolymerization [87, 88]. Lichtenhan and Schwab 
[89] have presented some perfect examples of mono-substituted oligomeric 
silsesquioxanes, as shown in Figure 1.13. The addition of POSS has an influence on the 
thermal, oxidative and dimensional stability of the polymer matrix and may cause 
increased glass transition temperature, increased oxygen permeability, decreased 
flammability and heat evolution. POSS can be classified according to the active groups 
in its chemical structure, such as silsesquioxanes containing epoxy groups, 
silsesquioxanes containing amino groups, silsesquioxanes containing alkenyl groups 
and silsesquioxanes containing other functional groups. The addition of POSS 
monomers into polymers can have great effects on the properties of matrix. 
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Figure 1.13 Synthesis of functional silsesquioxanes 

For example, Fina used metal-containing POSS (Al-POSS and Zn-POSS) to make 
PP/POSS composites and investigated its properties. The addition of Al-POSS resulted 
in decreased heat release rate and lower effective heat of combustion. The catalytic 
effect of Al moieties in Al-POSS may cause secondary reactions during polymer 
degradation and leads to partial PP charring instead of total volatilization. Furthermore, 
the carbonaceous char residue showed signals indicating the formation of a graphenic 
phase, confirming that Al moieties have an aromatization effect [90].  

Bourbigot used poly(vinylsilsesquioxane) as a flame retardant to make 
thermoplastic polyurethane (TPU) composites. The composite showed a large reduction 
of peak heat release rate compared to pure TPU. The main flame retardant mechanism 
was the intumescent mechanism. The char residue was ceramified char made of silicon 
network in a polyaromatic structure. The char expansion happened because of the 
partial degradation of POSS and the degrading products of TPU. This intumescent char 
layer can limit heat and mass transfer [91].  
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Song prepared a flame retardant material based on octavinyl polyhedral oligameric 
silsesquioxane (OVPOSS) and phosphorus-containing epoxy resin (PCEP). It was 
found that the addition of OVPOSS decreased the peak heat release rate and total heat 
release of materials. Furthermore, OVPOSS migrated to the surface and then sublimed 
from the surface in nitrogen; the vinyl groups of OVPOSS can be oxidated to produce 
radical traps which can react with pyrolysis radicals to form a crosslinked- structure in 
air [92].  

1.5.2 Mechanism of silicon-containing flame retardants 

 Depolymerization 

The degradation behavior of polysiloxanes is influenced by two factors: the type 
and concentration of polymer end-groups, and the existence of catalytic amounts of 
impurities in the polymer. Normally, the degradation mechanisms can be summarized 
as: “unzipping reaction”, “random scission reaction” and “externally catalyzed 
reaction”. 

Generally, the unzipping reaction occurs in Si-OH groups. When temperature 
increases, there are silanol condensation reactions between chain ends. With the rising 
temperature, the molecular weight of the polymer decreases. Silanol functions lead to 
intramolecular redistribution reactions which produce cyclic siloxanes with low 
molecular weight, as shown in Figure 1.14 [93]. 

 
Figure 1.14 Intramolecular mechanism of degradation of hydro-terminated PDMS 

through unzipping reaction 

Random scission requires that polymer chain segments need to be flexible, 
siloxane bonds need to have high polarity, and finally the thermodynamic stability of 
degradation products needs to be higher than the stability of the reagents. Random chain 
scission only happens when the temperature is high enough. Thermal oxidation to SiO2, 
H2O and CO2 happens through reactions in the gas phase between oxygen and volatile 
cyclic oligomers formed by thermal degradation, resulting in increasing smoke opacity. 
Furthermore, holes may appear in the polymer matrix material, which may result in 
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incompact char residue.  
Polysiloxanes containing ionic, polar impurities and additives are degrading by 

externally catalyzed mechanisms. The reaction features hydrolytic cleavage of the Si-
O bonds by foreign species, as shown in Figure 1.15 [93]. This process always produces 
unusual side products such as methane, which results from reaction between two methyl 
groups.  

 

 

Figure 1.15 Degradation of PDMS by externally catalyzed mechanism 

 

 Oxidative and inert degradation 

The final products of silicone degradation are determined by the heating conditions 
and the gas environment. There are two thermal mechanisms of degradation: a 
molecular and a radical mechanism.  

According to the molecular mechanism, Si-O bond scission happens in a low- 
temperature range and leads to the formation of cyclic oligomers.  

 The radical mechanism happens through Si-CH3 bonds scission at high 
temperatures and results in oligomers and methane release, as shown in Figure 1.16 
[93]. The thermal stability of heavily crosslinked structures increases and 
reorganization of atomic bonds take place with the formation of black ceramic silicon-
oxycarbide.  

 

 
Figure 1.16 Proposed radical mechanism in silicone thermal degradation  
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 Flame retardant mechanism 

The flame retardant mechanism of silicone-containing materials is different 
according to the various types.  

As for organic silicones: Organic silicones melt and then migrate to the surface of 
the materials through gaps inside the matrix to form a stable and continuous char layer. 
This layer is composed of silicone containing compounds, which can isolate heat, 
oxygen and protect the polymer matrix from further degradation.  

As for silicate: During combustion, the addition of silicate can improve the 
strength of char residue and act as a physical barrier to limit the exchange of oxygen 
and degraded products. Furthermore, as a kind of nano-filler, when the content of 
silicate reaches a certain value, three-dimensional network structures are formed. These 
structure can increase the viscosity of the polymer and restrict movement of the 
molecular chains.  

1.5.3 Development of silicon-containing flame retardants 
Although silicone-containing flame retardants have become a hot topic in recent 

years and have been widely used, there are still a number of shortcomings. For example, 
the dispersion of inorganic silicone-containing flame retardants is bad; the synthesis 
process of novel organic silicone-containing flame retardants is complicated; the price 
of some special raw silicone materials is high. All these shortcomings restrict the 
development of silicon-containing flame retardants. Thus there are some points that 
should be noticed in the future. 

(1) The molecular structure and weight of organic silicone flame retardants can be 
changed through molecular design, which can improve the flame retardancy and 
processing performance of the polymer matrix.  

(2) Modification of the surface of inorganic silicone-based materials or producing 
silicone-based microparticles to improve the dispersion in the polymer matrix.    

(3) Development of silicon-containing polymers through polymerization, 
crosslinking and grafting. These materials have excellent flame retardancy, resistance 
to high temperature and oxidation, and can be used as flame retardants or as flame 
retardancy materials themselves.  

(4) Development of polymer/layered silicate systems, which have some 
advantages, such as good flame retardancy and a simple production process in industry.    

(5) The fact that the price of some silicon-based flame retardants is expensive 
restricts their possibility of application in industry. Thus it is necessary to develop novel 
silicone-based material with low cost and good performance, meanwhile the synthesis 
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process should be simplified.   

1.6 Carbon nanotubes as flame retardants 

It is known that carbon nanotubes (CNTs) are allotropes of carbon which have 
cylindrical nanostructures. There are some special properties of these carbon molecules 
which have benefits in nanotechnology, electronics, and other fields of materials 
technology. The length-to-diameter ratio of nanotubes is up to 132,000,000:1 [94] 
which is larger than that of other materials.  

In addition, nanotubes come from the fullerene structural family. They have a long 
and hollow structure with walls formed by carbon sheets, called graphene. Nanotubes 
are categorized as single-walled nanotubes (SWNTs) and multi-walled nanotubes 
(MWCNTs). Individual nanotubes naturally align themselves into “ropes” held together 
by van der Waals forces. As for nanotubes, orbital hybridization can be used to describe 
chemical bonding. More specifically, the chemical bonding of nanotubes is composed 
of sp2 bonds, similar to graphite. The special strength of nanotubes can be explained by 
the fact that these sp2 bonds are much stronger than sp3 bonds in diamond.  

1.6.1 Overview of carbon nanotubes 

 Properties of carbon nanotubes 

According to experimental and theoretical results, tensile strength of CNTs reaches 
50-200Gpa and Young’s modulus can get 1.2 TPa [95]. Besides these mechanical 
properties, CNTs also have some other amazing properties, which are listed in Table 
1.3 [96-98]. As shown in Table 1.3, obviously, compared with other carbon materials, 
CNTs have a lot of advantages, which give them properties to be used in thermal 
conductors, energy storage, ceramics, structural materials and so on [99].  

 
Table 1.3 Physical properties of different carbon materials. 

Property C material 

Graphene Diamond Fullerence SWCNT MWCNT 

Specific gravity (g/cm3) 1.9-2.3 3.5 1.7 0.8 1.8 

Electrical conductivity 

(S/cm) 

4000P, 3.3c 10-2-10-15 10-5 102-106 103-105 

Electron mobility (cm2/ Vs ) 2.0*104 1800 0.5-6 ~105 104-105 

Thermal conductivity 

(W/(m k)) 

298P,2.2C 900-2320 0.4 6000 2000 

Coefficient of thermal -1*10-6P (1~3)*10 6.2*10-5 Negligible Negligible 
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expansion (K-1) 2.9*10-5c -6 

Thermal stability in air (℃) 450-650 ＜600 ~600 ＞600 ＞600 

 Dispersion of CNTs 

Researchers found that poor dispersion of CNTs restricts the application of 
CNTs/polymer composites. It is known that in the preparing process of composites, 
CNTs are entangled because of van der Waals forces; additionally, the interfacial 
interaction between CNTs and polymer is poor. Actually, different from conventional 
fillers (spherical particles and carbon fibers), the diameter scale of CNTs are in 
nanometer with high aspect ratio (＞1000), which leads to large surface area. Another 
reason is that normally CNTs used are commercial grades which consist of heavily 
entangled bundles, leading to inherent problems in dispersion. Some comparisons of 
CNTs and other common fillers are listed in Table 1.4.  

 
Table 1.4 Dimension and corresponding number of particles in composites for different 

fillers. 

Filler Description    

Average dimension of 

filler 

Density 

(g/cm3) 

Na Sb 

Al2O3 particle 100μm in diameter (d) 4.0 1.9 S=πd2 

Carbon fiber 5 μm in diameter 

(d)*200μm in length (l) 

2.25 255 S=πdl+πd2/2 

GNP 45 μm in length 

(square, l) 7.5 nm in 

thickness (t) 

2.2 6.58*104 S=4l2+2lt 

CNT 12 nm in diameter 

(d)* 20μm in length (l) 

1.8 4.42*108 S=πdl+πd2/2 

a N: number of particles in 1.0 mm3 with 0.1 vol.% filler content. 
b S: surface area of individual particles.  

Figure 1.17 [100] shows the three-dimensional distribution of these micro- and 
nano- scale fillers in the matrix. As seen in Figure 1.17, the distribution of Al2O3 
particles (A) and carbon fibers (B) are homogeneous in the whole matrix, while in 
contrast for GNP (C) and CNTs (D), agglomeration effects can be seen, which are due 
to electrostatic interactions and van der Waals forces. So, besides the size of fillers, the 
physical nature of fillers also has a great influence on the dispersion of CNTs.  

Thus, it is important to solve the issue of how to improve the dispersion of CNTs 
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in the polymer matrix, i.e. separating individual CNTs from CNT agglomerates.   

 

Figure 1.17 Distribution of micro- and nano-scale fillers of the same 0.1 vol.% in a 

reference volume of 1 mm3(A:Al2O3 particle; B: carbon fiber; C: GNP; D:CNT) 

 Modification of CNTs 

There are two main methods for modification of CNTs: (1) through chemical 
reactions to obtain covalent attachments of functional groups; (2) through non-covalent 
molecular absorption or wrapping to cover the surface of CNTs with functional 
molecules. Chemical modification of CNTs is performed on the basis of oxidative 
treatments. Normally, after oxidation, CNT tubes are opened with oxygen-containing 
groups (carboxylic acid). These reactive groups can have reactions with other groups 
which act as chemical anchors. On the other hand, non-covalent functionalization is 
used to exfoliate CNTs. In this method, CNTs are modified by van der Waals forces and 
π-πinteractions, by absorption or wapping of polynuclear aromatic compounds. The 
advantage of this method is that the modification of CNTs does not destroy the structure 
and electronic network of CNTs.  

Covalent approaches can be summarized as follows: 
(1) Oxidation reactions 
(2) Esterification- Amidation reactions to oxidized CNTs 
(3) Ionic liquids 
(4) Complexation reactions on oxidized CNTs 
(5) Halogenation 
(6) Cycloaddition reactions 
(7) Radical additions 
(8) Nucleophilic additions 
(9) Electrophilic additions 
(10) Electrochemical modifications  
Oxidation reactions are the most widely used method among the above approaches. 

Liquid phase oxidation involves acidic etching by hot nitric acid or sulfuric/nitric acid 
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mixtures [101]. For example, Rosca and coworkers used nitric acid to oxidize 
MWCNTs. The influence of acid concentration, temperature and oxidation duration on 
the monitored parameters was assessed. They found that high solubility (20-40 mg/ml) 
is obtained only after prolonged exposure (24-48 h) in concentrated acid (≥60%) [102]. 

As for esterification, it can be defined as the common method used for 
carboxylated CNTs to further covalently modify CNTs. Generally, carboxylic groups 
on the sidewalls and tips of CNTs are converted to acyl chloride groups by reaction 
with thionyl or oxalyl chloride, which is followed by the addition of appropriate alcohol 
or amine. Lots of substituents, such as organic substances, polymers or photosensitive 
compounds, can interact with CNTs in this process [103-105].  

 Non-covalent approaches can be summarized as follows: 
(1) Polynuclear aromatic compounds 
(2) Interactions with other substances 
(3) Interactions with biomolecules 

 Application of CNTs 

One of the most important applications of CNTs is in CNT/polymer composites. 
For example, CNTs mixed with polymers can increase stiffness, strength, and toughness. 
Valentini and coworkers use shear mixing to obtain well dispersed SWNTs/isotactic 
polypropylene (iPP) composites. The results of tensile mechanical properties showed 
that Young’s modulus and tensile strength increased in the presence of nanotubes, with 
a maximum content of 0.75wt% [106]. In 2004, Zhang’s group used MWCNTs to 
reinforce Nylon-6 composites. Through transmission electron microscopy (TEM) test, 
a fine and homogeneous dispersion of MWCNTs can be observed in PA6 matrix. 
Furthermore, mechanical tests showed that the elastic modulus and the yield strength 
of the composite are greatly improved by 214% and 162%, respectively when the 
amount of MWCNTs was only 2 wt% [107]. These enhancements depend on CNT 
diameter, aspect ratio, alignment, dispersion and interfacial interaction with matrix.  

CNTs are also used to enhance fiber composites [108, 109]. Recent examples 
include strong, lightweight wind turbine blades and hulls for maritime security boats 
that are made by using carbon fiber composite with CNT-enhanced resin and composite 
wind turbine blades.  

Furthermore, MWCNTs can be used as a flame retardant additive to plastics. These 
additives are attractive as a replacement for halogenated flame retardants, which will 
be discussed in detail in the next section.  
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1.6.2 Application of carbon nanotubes in the flame retardancy 
The addition of CNTs can effectively reduce the heat release rate and delay 

burning. The effect of flame retardancy depends on the amount of fillers. However, 
negative UL94 and LOI data were observed with CNTs [110-112]. In the burning 
process, there is a nanotube network layer formed in CNTs/polymer composites, which 
can protect the underneath polymeric material from further degradation. However, 
polymers containing CNTs burned completely, and only layers with CNTs are left. 
Moreover, the weight of the final residue is almost the same as the original weight of 
CNTs in the polymer/CNTs composites. This phenomenon can be explained by the fact 
that the network layer itself cannot improve char forming, which was confirmed by the 
investigation of PP and PA6 composites [112, 113]. That is to say, CNTs have a flame 
retardant effect in some specific systems, rather than act as common flame retardants. 
However, as for LLDPE, thick char residues with multi-walled CNTs were obtained 
[111,114,115]. Regardless of cracks, the heat release rate was decreased and was similar 
to that r PP and PA 6 systems. In LLDPE, it was pointed out that the existence of CNTs 
can help to form the char layer made of polyaromatic carbon in thermal oxidative 
degradation during the first step of LLDPE volatilization. The formation of aromatic 
char layer can be used to explain the phenomenon that even at low content of CNTs 
(0.5 wt .%), the protect char layer can be formed.  

According to thermal analysis (TGA) results, some researchers found that 
compared to pure polymers, the thermal stability of nanotube/polymer composites were 
improved. More specifically, the onset decomposition temperature, which is defined as 
Tonset, and the temperature of maximum weight loss rate, which is defined as Tmax, of 
nanocomposites are higher. In Ge et al.’s publication, when adding 5 wt% MWCNTs to 
PAN, Tonset of composites was increased by 24K [116]. Possible explanations of this 
phenomenon are: (1) Good dispersion of nanotubes plays an important role in hindering 
the flux of degradation products and thus delaying Tonset. (2) The slow degradation 
process of the polymer matrix near CNTs may lead to an increase of Tmax. (3) The 
thermal conductivity of CNTs is high, which endows composites with high thermal 
conductivity, and as a result, the thermal stability of composites are improved [117].  

From the point of view that CNTs can improve the thermal stability of the polymer 
matrix, it can be concluded that CNTs can be used as flame retardants. According to the 
results of cone calorimeter, Beyer [114] found that after adding 2.5 wt% MWCNTs to 
ethylene-vinyl-acetate (EVA), the heat release rate of EVA composites was reduced. 
Furthermore, they found the combination of MWCNTs and organoclays showed 
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synergistic flame retardant effect.  
It is known that the flame retardant effect of SWCNTs, MWCNTs, CNF are 

different even with the same loading. According to Kashiwagi’s research, the flame 
retardant effect of SWNT is best when investigated in PMMA matrix (as shown in 
Figure 1.18) [118]. From the results of a nitrogen gasification test, SWCNTs have the 
best effect to reduce the mass loss rate of the composite, and the effect of MWCNTs is 
less than of SWCNTs. The flame retardant mechanism of the nanotubes is that they can 
form a protective layer which can act as a heat shield.   

 

Figure 1.18 (a) Effects of various nanofillers on mass loss rate when PMMA composites 

are subjected to an external radiant flux of 50 kW m-2 in nitrogen (b) Residue from the 0.5 

wt% SWCNT/PMMA composite after the gasification test showing a free-standing nanotube 

structure. 

Sometimes researchers grafted some organic flame retardants to the surface of 
CNTs to make nano flame retardants. For example, Fang and coworkers grafted an 
intumescent flame retardant, poly(diaminodiphenyl methane spirocyclic pentaerythritol 
bisphosphanate) (PDSPB) to the surface of MWCNTs to obtain MWCNT-PDSPB. 
MWCNT-PDSPB has a core-shell nanostructure with MWCNTs as the hard core, and 
PDSPB as the soft shell. The linear viscoelastic behavior showed that MWCNT-PDSPB 
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can form a network structure at lower nanotube loading than pure MWCNTs. The 
results of flammability tests showed that the addition of MWCNT-PDSPB can improve 
the flame retardancy of ABS/MWCNT-PDSPB composites. The flammability of the 
composites is strongly dependent on the network structure of nanotubes which can 
reduce the diffusion of volatile combustible fragments [119].  

In other cases, CNTs are used as a synergist to make novel flame retardants 
systems. For example, Wilkie and coworkers used CNTs to make 
CNTs/clay/brominated fire retardant system and applied it to polystyrene. The synergy 
between brominated fire retardants and MWCNTs is higher than that between 
brominated fire retardants and clay in improving flame retardancy in both cone 
calorimeter tests and pyrolysis combustion flow calorimeter. The existence of 
MWCNTs can promote the participation of polymer chains in the carbonization process 
and generate increased char yield [120].  

Dubois and coworkers applied high-density polyethylene coated multiwalled 
carbon nanotubes (c-MWCNTs) and pure CNTs to produce ethylene vinyl acetate (EVA) 
composites. The results showed that the coating layer of polyethylene enhanced 
mechanical properties and thermo-oxidative stability of CNTs. As determined by cone 
calorimeter testing, the addition of c-MWCNTs decreased heat release rate and 
improved combustion residue [121].  

 
1.6.3 Flame mechanism of carbon nanotubes 
There are some explanations about the flame retardant mechanism of CNTs, which 

are listed as follows: 
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Figure 1.19 Combustion behavior of CNTs/polymer composites  

(1) As shown in Figure 1.19 [122], CNTs can migrate to the surface of matrix 
materials during burning and form a char layer with network structure. The quality of 
this layer is pretty high, and the layer acts as a barrier reducing the transfer of heat and 
oxygen, and controlling the volatilization of combustible gas which is produced from 
the degradation of the polymer matrix. Furthermore, the network structure can increase 
the viscosity of the polymer matrix, and thus thermal motion of molecular chains in the 
polymer can be restricted. As a result, thermal stability of the matrix is improved [118].  

(2) Radical species existing at the surface of CNTs which are previously crushed 
down by ball milling, can react with other radicals from degradation of matrix materials. 
This unique behavior can delay the ignition time and reduce the flammability of the 
polymer matrix [121, 123].   

1.7 Graphene as flame retardant 

Recently, graphene is a rising star in the materials science field. This is a material 
with a two-dimensional structure, of which the crystal and electronic quality are high. 
Graphene is considered as a novel class of material which is only one atom thick, and 
which gives new insights into low-dimensional physics. Although compared with other 
materials, its history is short, there has been a lot of investigations and applications.   

There is a one specific type of graphene, called graphene oxide (GO), which is 
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considered as a precursor for the synthesis of grapheme, offering the potential of cost-
effective, large-scale production of graphene-based materials. Normally, GO is 
produced through oxidation of graphite. Go consists of a single layer of graphite and 
can be dispersed or exfoliated in water or some organic solvents [124-126]. The 
structure model of graphene and GO are shown in Figure 1.20. 

 

 
Figure 1.20 Structure model of graphene and GO 

 

1.7.1 Overview of graphene  
(1) Synthesis of graphene  

It is well known that Hummer’s method is considered as the most common way to 
prepare graphite oxide nowadays. According to Hummer’s method [127], the 
combination of potassium permanganate and sulfuric acid was used to oxygenize 
graphite powder. Though permanganate is a commonly used oxidant (for example, 
dihydroxylations), the active species is, in fact, diamanganese heptoxide. During the 
reaction of potassium permanganate with sulfuric acid, dark red oil is formed according 
to: 

KMnO4 + 3H2SO4 → K+ + MnO3
+ + H3O+ + 3HSO4

− 
MnO3

+ + MnO4
− → Mn2O7 

 (2) Modified with Organic Compounds 
Modifying GO with organic compounds can improve the solubility or 

processability of it in both water and organic solvents, and additionally can combine 
advantages of GO with organic compounds, such as photoactive and electroactive units. 
After modification, these hybrid materials can be used for preparing functional 
chemically modified electrodes. Up to now, modified GO with organic compounds 
through non-covalent and covalent methods have become a hot fields to prepare novel 
hybrid nanocomposites. 

The adsorption of organic aromatic compounds onto GO nanosheets is basically 
attributed to the π-stacking and hydrophobic interactions between GO and organic 
molecules. The oxygen-containing groups on GO nanosheet offers reactive anchor for 
chemical modification. As for this modification, the chemical reagents should disperse 
on the surface of GO and react with functional groups on the surface of GO. Organic 
compounds, such as porphyrins [128-130], alkylamines [131], doxorubicin 
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hydrochloride [132], ionic liquids, perylenediimide [133], cyclodextrin [134], etc. have 
all been non-covalently or covalently attached onto the GO nanosheets to generate 
functional organic nanocomposites. For example, Xu’s group [135] used 5, 4-
(aminophenyl)-10, 15, 20-triohenyl porrphyrin (TPP-NH2) to modify the surface of GO 
through an amide bond, as shown in Figure 1.21. After modified with TPP-HN2, 
functional GO showed better solubility and dispersion stability in organic solvents. The 
final product, TPP-NH2/GO hybrid nanocomposites exhibited excellent optical limiting 
properties which means they showed good the laser protection against laser impact.      

 
Figure 1.21 Schematic representation of part of the structure of the TPP-NH2/GO 

hybrid nanocomposites  

(3) Modified with polymers 
Nanocomposites based on GO have become a novel class of materials which have 

good electrochemical properties. With the addition of GO, these composites showed 
improved mechanical properties, electrical conductivity and thermal stability which are 
better than conventional composites. Normally, even small amounts of GO can show 
positive effects in these properties. The improved effect depends on the dispersion of 
GO, the nature of polymer matrix, the interface control, and the morphological 
organization. 

According to the review of Kuilla [135], up to now, many GO/polymer 
nanocomposites with new functions have been prepared. One should notice that many 
researchers focused on the modification of GO with electroactive polymers, such as 
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polyaniline (PANI) [136, 137], poly(styrenesulfonate) (PSS) with the aim of enhancing 
their electrochemical properties. Normally, there are two methods to modify the surface 
of GO: in situ intercalative polymerization [136, 137], and solution intercalation [138, 
139]. Solution intercalation requires a solvent system in which the polymer is 
solubilized and the GO sheets are allowed to swell [135, 140]. Generally, the GO or 
reduced graphene oxide (rGO) sheets can well disperse in some solutions by sonication 
or mechanical agitation.          

1.7.2 Application of graphene in flame retardancy  
GO is a layered compound where carbon atoms within the nano-sheets form 

hexagonal cells by covalent bonds, and the carbon layers are connected to each other 
by weak van der Waals forces. After treated by some oxidants, there are various 
functional groups on the surface of GO, such as hydroxyl, carbonyl, and epoxide. 
According to some publications, graphene can act as intumescent agent during the 
burning process because it can act both as a carbonization compound and as a blowing 
agent [141-144].   

Shi and coworkers found that when adding 10 wt.% expandable graphite in high-
density rigid polyurethane foam, the composite can get V-0 level in the UL-94 test, 
which was caused by physical barrier and blowing effects of GO [145] . Camino found 
that the expansion of GO occurs by a redox reaction between sulphuric acid and 
graphite, which is shown in the following. In the expansion process, the layer structure 
of GO particles is transformed to a vermicular structure and exfoliates along the c-axis 
of a graphite crystal.  

 C + 2H2SO4 → CO2 ↑ +2H2O ↑ +2SO2            
According to [136], about 10 wt.% blowing agent (water) is released at 600°C. 

Generally, the release of water and expansion of graphite can decrease the flame, and 
the char layer formed in the burning process can limit the heat and mass transfer from 
the polymer to the heat source. This effect can result in V-0 level classification and 
reductions in HRRs/MLRs.  

In some cases, graphene is used with other flame retardants to have synergistic 
effects. Song and coworkers [146] prepared intumescent flame retardant (IFR) 
poly(butylene succinate) (IFRPBS) composites with enhanced flame resistance using 
graphene as synergist. The limiting oxygen index (LOI) values increased from 23.0 for 
the pure PBS to 31.0 for IFRPBS with 20 wt.% IFR loading. Furthermore, the addition 
of graphene improved the LOI values of the composites and showed better antidripping 
effect, as shown in Figure 1.22 [146]. The antidripping effect can be explained by the 
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fact the addition of graphene largely increased the MFI of the composites. According 
to the results of XPS and dynamic FTIR, the author concluded that the addition of 
graphene can delay the oxidation of the polymer matrix. Thus, one can conclude that 
the addition of graphene into PBS as synergist shows excellent combined properties of 
mechanical and flame retardant behaviors due to the nano-reinforcement and the 
physical barrier of graphene nanosheets.     

  
Figure 1.22 Photos of char residues of samples after combustion: (a) PBS, (b) PBS-1, (c) 

PBS-2, (c) PBS-3, (d) PBS-4  

Graphene is promising for the fire safety application of polymers, but it also has 
drawbacks, one of which is that it is easily burns during combustion. Recently, some 
researchers developed a novel strategy to overcome this problem, which is 
functionalization of GO. Yuan Hu’s group [147] use char-catalyzing agents and reactive 
compounds to functionalize the surface of GO, which is named FGO. The composite 
based on FGO and polystyrene showed good flame retardancy. During the burning 
process of FGO-polystyrene composite, FGO catalyzes the char formation of 
polystyrene (Char 1). Char 1 can protect FGO from burning and FGO can act as a 
graphitic char (Char 2). Because of the combination of Char 1 and Char 2, the physical 
effects of FGO, and the strong interfacial interactions of FGO and polymer, the flame 
retardancy of the composites is improved. Figure 1.23 [147] shows the char residue of 
composites with different content of FGO. 

Bernhard Schartel’s group [148] added carbon black, multiwall carbon nanotubes, 
expanded graphite and functionalized graphene (FG) with other conventional flame 
retardants into polypropylene to prepare nanocomposites. They found that compared 
with other fillers, no large agglomerates are detected for PP-FR/FG and PP-FR/MLG. 
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When adding FG to PP, the dripping effect is reduced due to reduced flow at low shear 
rates and the onset of thermal decomposition is shifted to 40K higher temperatures. 
According to the results of thermogravimetric analysis combined with online Fourier-
transformed infrared measurements, FG and well-exfoliated multilayer graphene are 
superior additives in comparison to spherical and tubular carbon nanomaterials.  

 
Figure 1.23 Observations of char: (a) digital photographs; and (b) SEM photographs 

 

1.7.3 Flame retardant mechanism of graphene 
The flame retardant mechanism of graphene is considered as barrier effect. More 

specifically, during the combustion process, graphene can form an integrated and 
compact char layer, which acts as barrier layer to isolate oxygen and flammable gas.   

1.8 Flame retardancy testing methods 

Generally, the flammability of polymers can be tested through their heat release, 
flame-spread rate and ignitability. There are some small-, intermediate- and full-scale 
flammability tests used in industries and in academic fields.  

 Limiting oxygen index (LOI) 

The limiting oxygen index (LOI) is the minimum concentration of oxygen that can 
support combustion of the polymer. This can be measured by passing the mixture of 
oxygen and nitrogen over a burning sample, and keeping reducing the amount of 
oxygen level until a critical level is reached. In 1966, Fenimore and Martin firstly used 
this method to test the relative flammability of materials [149, 150]. According to the 
international standard (ISO 4589), the value of LOI is defined as the minimum 
concentration of oxygen in the oxygen/nitrogen mixture to support polymer burning for 
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3 minutes or burning the length of 5 cm of the original samples with the samples placed 
vertically. The size of sample should be 80*10*4mm3. The LOI value is obtained from: 

LOI = 100
|O2|

|O2| + |N2| 

The experimental set of LOI test is shown in Figure 1.24 [122]. 

 
Figure 1.24 Experimental set of LOI test 

It is known that there is 21% oxygen in ambient air, thus if LOI values of materials 
are below 21, they are classified as “combustible” materials in the candle-like LOI 
scenario (downward flame spread); otherwise, they are classified as “self-extinguishing” 
materials. Normally, the higher the LOI values are, the higher is the flame retardancy 
of the material. 

 UL-94 

UL-94 is the standard testing for safety of flammability of plastic materials for 
parts in devices and appliances. This method is similar to American Society for Testing 
and Materials (ASTM) or National Fire Protection Association (NFPA) standards. 
There is a range of flammability tests, such as small and large flame vertical tests, 
horizontal tests for bulk and foamed materials, and radiant panel flame-spread tests. 
Generally, the most common test is UL-94 V which is used to test the ignitability and 
flame-spread of vertical bulk materials. According to the international standard (IEC 
60695-11-10), a small flame (50 W) is used for this test. Normally, a vertical burn test 
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is carried out and the flammability is rated as V-0, V-1, V-2. The experimental UL-94V 
device is shown in Figure 1.25 [134]. The size of samples should be (125±5)mm*(13
±0.5)mm*3.2mm or (125±5)mm*(13±0.5)mm*1.6mm. Five specimens must be 
tested. The standard of VL94 V level is listed in Table 1.5. 

 
Figure 1.25 Experimental UL94 V device 

Table 1.5 Level of materials for the UL 94 V flammability test 

Fire classification  

UL94 V-0 t1 and t2 less than 10s for each specimen 

t1+t2 less than 50s for the five specimens 

t2+t3 less than 30s for each specimen 

No afterflame or afterglow up to the holding damp 

No burning drops 

UL94 V-1 t1 and t2 less than 30s for each specimen 

t1+t2 less than 250s for the five specimens 

t2+t3 less than 60s for each specimen 

No afterflame or afterglow up to the holding damp 

No burning drops 

UL94 V-2 t1 and t2 less than 30s for each specimen 
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t1+t2 less than 250s for the five specimens 

t2+t3 less than 60s for each specimen 

No afterflame or afterglow up to the holding damp 

Burning drops allowed 

 Cone calorimeter 

The cone calorimeter is a modern device used to investigate the fire combustion 
behavior of materials, which is widely used in the fire safety engineering fields 
[151,152]. The test mechanism of cone calorimeter is based on the measurement of the 
oxygen concentration in the combustible gas of a sample subjected to a given heat flux 
(in general from 10 to 100 kW/m2). Figure 1.26 [153] presents the experimental set of 
a cone calorimeter. 

 

 
Figure 1.26 Experimental set of a cone calorimeter 

 

According to international standard, the size of the sample should be 
100mm*100mm*4mm. A sample is placed in the load cell to test the weight of samples 
during the combustion process. The cone heater irradiates the sample from top and then 
combustion is triggered by the spark igniter. Normally, from this test, ignition time 
(TTI), time of combustion (TOF), mass loss, combustion products, heat release rate 
(HRR), total heat release (THR) and some other parameters which are associated with 
burning properties of materials, are obtained.  
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 1.9 Objective of the research 

The objective of this work is to prepare novel halogen-free flame retardant 4,4’-
bismaleimidophenyl methane/2,2’-dially bisphenol (BMI/DBA) composites and to 
investigate the flame retardant mechanism, which can expand their application in the 
high-performance composite materials field as well. Flame retardant DOPO was used 
as starting material, based on which four different flame retardant systems were 
fabricated to improve the flame retardancy of BMI/DBA composites. To characterize 
the flame retardancy and flame retardant mechanisms of the investigated composites, 
combustion behavior must be studied with appropriate fire testing methods (LOI, UL-
94, Cone Calorimeter, etc.) as well as other analytical techniques such as FTIR, TGA, 
SEM, EDX and Raman in order to improve the understanding of char residue formation 
of the resulting materials. It is an objective to develop highly efficient flame retardant 
systems for BDM/DBA composites, without using traditional halogen-containing flame 
retardants. For the novel flame retardant systems, new materials with good fire 
properties need to be synthesize. In this work, organic-inorganic hybrid molecules, 
DOPO containing POSS, modified multiwalled carbon nanotubes and graphene oxide 
containing polymers were prepared, furthermore the corresponding flame retardant 
mechanisms are proposed.    
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Chapter 2 Synthesis of DV-APTES, preparation of flame-

retardant BMI composite and its flame retardant mechanism  

2.1 Experimental   

Bismaleimide (BMI) is a bisfunctional compound, the active end group is 
maleimide, and BMI is a carbonyl, nitrogen-containing epoxy resin. The unsaturated 
double bond in the molecule can react with other compounds having unsaturated double 
bonds or with compounds having active hydrogen groups. BMI resin has the advantages 
of excellent heat resistance, corrosion resistance, easy molding processing, low cost of 
raw materials and a wide spectrum of sources. Due to these benefits it is widely used 
as ideal resins in aerospace and transportation fields. Normally, BMI resins need to be 
toughening modified, which would damage their flame retardant properties and causing 
LOI test values of less than 24. When modified BMI resins are used as high temperature 
materials, they cannot achieve good flame retardant level. Therefore, in recent years the 
study of the flame retardancy of BMI resins has become of interest in the research of 
high performance polymers. The flame retardancy of thermosetting resins is mainly 
focused on the application of halogen-containing flame retardants. Although halogen 
flame retardants are widely used in industry because of their low cost and high 
efficiency, the use of halogen-containing flame retardants has been restricted since the 
European Union promulgated the ROHS and WEEE Directive in 2002. Thus, the 
development of flame retardants was shifted to the halogen free direction.  

Organic-inorganic hybrid flame retardant is a new type of flame retardant, which 
aims to combine the advantages of organic and inorganic flame retardants to improve 
the flame retardant efficiency. Sol-gel methods are often used to prepare organic-
inorganic hybrid materials because the sol-gel method can give product diversity by 
selecting different silane precursors and reaction conditions. In the sol-gel process, the 
inorganic part is generated by the hydrolysis and condensation of silane, and the organic 
and inorganic parts are linked by C-Si bonds. In general, the inorganic portion is capable 
of imparting good thermal and flame retardant properties to the composite, while the 
organic phase can enhance its dispersion in the polymer matrix. 

DOPO is a kind of phosphorous containing flame retardants, and because of its 
active end groups (P-H bond) is often used as a new flame retardant intermediate, 
arousing widespread attention.   

Organic-inorganic hybrid flame retardants, namely DV-APTES, containing DOPO 
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and silane, were prepared by a sol-gel method using DOPO with active end groups as 
the starting reactant. The effects of DV-APTES on the flame retardancy of BDM/DBA 
resin and the flame retardant mechanism were investigated. 

2.1.1 Materials 
BDM was supplied by Hubei ShuangFei Chemical Co. Ltd, China. DBA was 

purchased from Laiyu Chemical Factory, China. DOPO was obtained from Eutec 
Trading (Shanghai) Co. Ltd, China. Vinyl triethoxy silane (VTES) was bought from 
Nanjing Up Chemical Co. Ltd (China). 3-triethoxysilylpropylamine was purchased 
from Aladdin Company. Ammonia and ethanol were provided by LingFeng Chemical 
Co. Ltd. 

2.1.2 Equipment and instruments 
Equipment and instruments used for characterization are summarized in Table 2.1. 
 

Table 2.1 Equipment and instruments 

Device  Manufacturer Type 

Oven Shanghai Pudong Rongfeng 

Scientific Instrument Co., Ltd 

DZF 6-6020 

FTIR Nicolet  Nicolet 6700 

LOI Chengde City Jin Jian Detection 

Equipment Co., Ltd 

XYC-75  

UL-94 Nanjing Jiangning County 

Analytical Instrument Factory 

CZF-3  

TG-FTIR Mettler/Toledo, Germany TGA/SDTA 851- Nexus 470 
SEM Hitachi, Japan S-4800 

 
2.1.3 Synthesis of DV-APTES 
Firstly, the addition reaction between VTES (10g) and DOPO (10.8g) was initiated 

by AIBN, leading to the DOPO-containing triethoxysilane (DOPO-VTES). Then, 5.4 g 
DOPO-VTES and 0.5g 3-triethoxysilylpropylamine were added in 100 ml ethanol in a 
three-necked flask with vigorous mechanical stirring, and then 2ml distilled water and 
0.5ml aqueous ammonia were added into the solution. The mixture was heated to 80°C 
and kept in that temperature for 12h. After that, the product was filtered and washed 
with ethanol for several times. The white powder was dried under vacuum at 80°C for 
24h. The schematic process for synthesizing nano-flame retardants is presented in 
Figure 2.1. 
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Figure 2.1 Schematic process of preparing the flame retardant. 

 

2.1.4 Preparation of composites 
 

Table 2.2 Formulations of resins 

Resin BDM/DBA 

(wt%) 

DV-APTES 

(wt%) 

DOPO (wt%) APTES (wt%) 

S1 100 _ _ _ 

S2 99 1 _ _ 

S3 97 3 _ _ 

S4 95 5 _ _ 

S5 95 _ 5 _ 

S6 95 _ _ 5 

 
According to Table 2.2, appropriate amounts of DV-APTES, DOPO, APTES were 

added to DBA at 125-135°C and the mixture was blended for 30 min until a 
homogenous liquid was obtained. Then the pre-weighted BDM was added into the 
beaker at 125-135°C with stirring until a transparent liquid was formed, and kept at that 
temperature for 15 min to obtain a uniform liquid.  

Each prepolymer was thoroughly degassed at 135°C and poured into a preheated 
(135°C) metal mold, followed by curing and postcuring following the process of 150°C 
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/2h+180°C /2h+200°C /2h and 230°C /4h. Finally, the resultant composites were 
demolded and coded as S1, S2, S3, S4, S5 and S6, respectively. 

2.1.5 Measurements 
Scanning Electron Microscope (SEM, S-4800, Japan) was employed to observed 

the morphologies of the samples. 
Fourier transform infrared (FTIR) spectra were recorded between 400 and 4000 

cm-1 with a resolution of 2 cm-1 on a Nicolet-6700 Infrared Spectrometer (USA). Each 
sample was mixed with KBr powders and pressed into the tablet for test. 

Thermogravimetric analysis (TGA) was performed using PerkinElmer Pyris (USA) 
under nitrogen flow of 30 ml/min. Samples of 5 mg were tested in the range from 25 to 

800 °C with a heating rate of 20 °C /min. The calculated residue [ )(calW ] was calculated 

on the basis of the following formula.  

( ) ( ) ( ) ( )

14321

4433221)(

=+++

+++=

xxxx

WxWxWxWxW exexexexlcal
 

)(exW  represents the experimental residue of an individual component and x 

corresponds to the percentage of mass content in the formulation. 
UL94 tests were performed according to ASTM (D63-77). The dimensions of each 

sample were (125±0.02)*（13±0.02）*（3±0 .02）mm3.  
Limited Oxygen Index (LOI) values were measured on a Stanton Redcraft Flame 

Meter (UK) according to ASTM D2863/77. The dimensions of each sample were 
(100±0.02) *（6.5±0.02）*（3±0 .02）mm3.  

Thermo-gravimetric analysis/infrared spectrometry (TG-IR) was performed using 
a TGA/SDTA 851 thermogravimetric analyzer that was interfaced to the FTIR 
spectrometer Nexus 470. The stainless steel transfer pipe and gas cell were heated at 
230°C to avoid the condensation of volatile compounds. The sample masses were about 
10mg. 
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2.2 Results and Discussion 

2.2.1 Characterization of DV-APTES 

 
Figure 2.2 FTIR spectra of DOPO, VTES and DOPO-VTES 

The chemical structure of DOPO-VTES was characterized by FTIR spectroscopy. 
The FTIR spectrum of DOPO, VTES, and DOPO-VTES is shown in Figure 2.2. 
Compared with pure DOPO, the absorbance peak at 2435cm-1 for the P-H bond of 
DOPO disappears completely, indicating the complete reaction of DOPO. The peak at 
911cm-1 corresponds to the stretching vibration of P-O-Ph, and the peak at 1208cm-1 
belongs to the stretching vibration of P=O. Moreover, the peak at 1477 cm-1 indicates 
the existence of P-phenyl bond. Thus, DOPO-VTES was synthesized successfully. 

 
Figure 2.3 FTIR spectra of DOPO and DV-APTES 
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Figure 2.4 SEM images of DV-APTES (a) *10000; (b) *20000 

 

The chemical structure of DV-APTES was characterized by FTIR spectroscopy. 
Figure 2.3 presents the FTIR spectra of DOPO and DV-APTES. In the FTIR 

spectra of DV-APTES, the characteristic peaks of DOPO, at around 920cm-1, 1100cm-

1, 1270 cm-1, and 1590 cm-1 can be observed, indicating the existence of DOPO structure. 
The peaks at 821cm-1 and 1100cm-1 correspond to the symmetric stretch vibration and 
asymmetric stretch vibration of the Si-O-Si group [154]; this confirms the condensation 
and hydrolysis reaction of DOPO-VTES and APTES. Furthermore, the peaks at around 
3400 cm-1 belong to the N-H groups [155], which proves the existence of APTES.  

In order to investigate the morphology of DV-APTES, SEM images with different 
magnification were conducted, as shown in Figure 2.4. The shape of the particles was 
round and the size was from 100 nm to 400 nm. It is obvious that flame retardant 
particles were successfully produced. 

 

Figure 2.5 SEM photograph of fractured surface of （a）S1；（b）S4 

Furthermore, the fracture surface of bismaleimide composites (S1 and S4) were 



 

46 
 

investigated by SEM. As shown in Figure 2.5, the morphologies of fractured surfaces 
of S1 and S4 are totally different. From Figure 2.5 (a), we can find that the fracture 
surface of S1 is very neat, however as shown in Figure 2.5 (b), the fracture surface of 
S4 is quite rough. This photograph shows that only a small part of the DV-APTES 
particles are agglomerated, and most of them are well dispersed because of the good 
interface between the organic-inorganic hybrid flame retardant and the matrix.     

 
2.2.2 Effect of DV-APTES on the flame retardancy of BMI composites 
 

Table 2.3 Results of LOI and UL-94 tests of the investigated formulations 

Sample LOI/% Ranking Dripping t1/t2(s)a 

S1 25.3±0.5 V-1 No b /No 5.0/13.4 

S2 

S3 

26.9±0.5 

28.0±0.5 

V-1 

V-1 

No/No 

No/No 

4.2/13.0 

3.8/11.8 

S4 28.7±0.5 V-0 No/No 3.9/6.6 

S5 27.1±0.5 V-1 No/No 4.7/12.3 

S6 25.9±0.5 V-1 No/No 5.4/14.5 

a t1 and t2, average combustion times after the first and second applications of the flame. 
b No/yes corresponds to the first/second flame application.  

 

UL-94 and LOI are important methods in evaluating flame retardancy, and have 
become the main standard in polymer industry. The results of flammability (the LOI 
and the UL94 tests) are given in Table 2.3 for all the resins investigated. 

BDM/DBA resin is a polymeric material with a LOI of 25.3%. Obviously, the 
utilization of 5wt % DOPO effectively increased the LOI value of matrix from 25.3% 
to 27.1%. This result shows that the DOPO is an effective flame retardant for 
BDM/DBA resin. The LOI value of the resin increased with the increase of the DV-
APTES content. When 5 wt% of DV-APTES was added into the BDM/DBA matrix, 
the S4 resin has the highest LOI value (28.7%) which is even higher than for S5 (with 
the same amount of DOPO). In terms of the UL-94 test, S4 was the only one sample of 
all the investigated resins which achieves V-0 ranking. Obviously, the results from the 
tests showed that DV-APTES has a better flame retardant effect than DOPO itself in 
BDM/DBA resins, which is probably due to the fact that there exists a synergistic effect 
between Si and P in the DV-APTES. 
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2.2.3 Effect of DV-APTES on the thermal stability of BMI composites 

 
Figure 2.6 TGA curves for all samples, measured at nitrogen atmosphere  

 

Table 2.4 TGA Data in Nitrogen of the Samples 

Samples 

 

Tdi (℃) T50 (℃) Char yield 
 (wt%) 

Calculated char yield 

(wt%) 

S1 433.2 488.4 25.67 _ 
S2 426.2 491.6 27.48 25.82 
S3 424. 9 495.0 32.48 26.11 
S4 427.4 501.8 34.43 26.41 

APTES-DV 166.3 528.4 40.49 _ 

TGA is an effective method to characterize the thermal stability and thermal 
degradation behaviors of the samples. Figure 2.6 presents TGA curves of BDM/DBA 
resins with various contents of DV-APTES under nitrogen atmosphere. The 
temperature of 5wt% weight loss (T-5%), the mid-point temperature of degradation (T-

50%), and the fraction of the solid residue (Yc) at 800°C were obtained from the TGA 
curves. All these data are presented in Table 2.4. 

As shown in Figure 2.6, the thermal degradation process of S2, S3, and S4 has one 
stage as in the case of the pure resin. The addition of DV-APTES decreases the T-5% of 
BDM/DBA resin, from 433.2°C to around 425°C. The reason for this is probably that 
the initial degradation of the DV-APTES starts at low temperature. However, it should 
be noticed that the T-50% of S2, S3, and S4 resins is higher than that of S1, which can be 
explained by the fact that DV-APTES can form a ceramic-like layer under nitrogen 
atmosphere, thereby protecting the inner part of the resins from further degradation. 
The char residues increases gradually with the content of DV-APTES rising from 1 to 
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5 wt%. It is found that S4 exhibits a more effective improvement in Yc (less polymer 
pyrolyzed) from 25.67 wt% to 34.43 wt%, which was higher than the calculated value, 
demonstrating that the addition of DV-APTES can strengthen the action of condensed 
phase. The high fraction of solid residue was attributed to the synergistic effect of 
phosphorous and silicon, which means that phosphorous accelerates the formation of 
char, while silicon keeps the char from thermal degradation [156].  

 
2.2.4 Flame retardant mechanism of DV-APTES 

 
Figure 2.7 TG-FTIR spectra of pyrolytic gases of S1 and S4 at Tmax 

 

The TG-FTIR spectra of volatilized products of S1 and S4 at Tmax are shown in 
Figure 2.7. The characteristic peaks of aliphatic (2980 cm-1), H2O (3500-3900cm-1), 
and CO2 (2365, 2309,670 cm-1) were detected in the thermal decomposition process. 
The peak at 3014cm-1 confirms the appearance of phenol-containing products [157], 
which were produced by the pyrolysis of BDA; meanwhile, the peaks at 1700-1900cm-

1 belonged to the carbon-containing compounds, coming from the opening of the imide 
rings. The spectrum of S4 was similar to the one of S1, and only the peaks of volatilized 
products of BDM/DBA can be found. The specific peaks of DV-APTES, such as Si-O, 
P-O and P=O group cannot be detected in Figure 2.7. The possible reason for this is 
that the amount DV-APTES was so low that it cannot be detected in FTIR in the gas 
phase, and most of the phosphorus-containing structures are kept in the condensed 
phase. 
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Figure 2.8 FTIR spectra of char residues of S1 and S4 

To study the flame retardant effect of DV-APTES in the condensed phase, FTIR 
was used to analysis the char residue of the resins. 

The spectra of the char residues of S1 and S4, after being maintained in oven at 
800°C for 15min, were investigated by FTIR, and are shown in Figure 2.8. In the 
spectrum of char residue of S4, the peaks at 3439, 1600cm-1, representing the imide ring 
and the peaks at 2960, 2863, 1463 cm-1, representing the structure of DBA can still be 
found, showing that the addition of DV-APTES can help the matrix from complete 
decomposition. Moreover, the absorption peak of Si-O (1100 cm-1), P-O-C (896 cm-1) 
and P-O (808 cm-1) can be detected in the FTIR test, which means that the flame 
retardant DV-APTES plays its role mainly in the condensed phase. The effect of this 
flame retardant is that it can help to keep more Si-O and P-O structure containing 
compounds in the residual chars, which could improve the thermal stability of the 
residues.  

2.3 Conclusions 

In this chapter, organic/inorganic hybrid particles (DV-APTES) were successfully 
synthesized through a so-gel process, and used as flame retardant for BDM/DBA resins. 
The flame retardancy performance of the matrix was improved by the incorporation of 
DV-APTES. Specifically, when adding 5 wt% DV-APTES, UL-94 tests reached V-0 
classification for the S4 resin. Simultaneously, the char yield of S4 at 800°C was 
increased by 8.76 wt% according to TG results. This investigation demonstrates that 
the flame retardant DV-APTES containing phosphorous and silicon can endow 
BDM/DBA resins with good flame retardancy already at low concentrations, and may 
also work as an effective flame retardant in other polymer systems. 
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Chapter 3 Synthesis of DOPO-POSS, preparation of flame-

retardant BMI composite and its flame retardancy mechanism 

As we all know, one of the important reasons of fire is the flammability of the 
material, thus causing the spread of fire. Materials with poor flame retardant properties 
are easy to burn in fire, releasing toxic gases, causing environmental and life safety 
issues. Therefore, it is important to reduce flammability and to improve the flame-
retardant properties of materials. Silsesquioxane, as a new type of silicon flame 
retardant, not only can improve the flame retardant properties of polymer materials, but 
can also lead to other excellent material properties of the polymer matrix such as 
mechanical properties, heat resistance and environmental friendliness.  

Polyhedral oligomeric silsesquioxanes (POSS), also known as silsesquioxanes, 
were first introduced in the US Air Force R & D Center in the 1990s. At present, the 
focus of POSS research is mainly on POSS/polymer composites, which is a new type 
of organic-inorganic hybrid material, which can combine the advantages of both 
inorganic materials and polymers, while leading to other special properties of 
composites, such as low dielectric properties and flame retardant properties. POSS is a 
special kind of molecular structure, with the following features: 

 (1) Structural design. Si atoms in the apex angle can chemically react with 
different types of reactive or non-reactive groups, and according to different needs, 
different POSS structure can by synthesized. 

 (2) Thermal stability and flame retardant properties. POSS has an inorganic 
silicon-oxygen structure that allows it to remain stable at high temperatures. When the 
decomposition temperature is reached, POSS is oxidized to SiO2 to form a protective 
layer, which protects the internal matrix from further oxidation reaction. 

(3) The internal molecular hybrid structure. POSS molecules have an inorganic 
structure center, while the periphery is covered by organic groups. Therefore, the POSS 
molecule is an organic-inorganic hybrid system essentially at the molecular level, which 
not only combines the advantages of the two, but also because of their synergistic effect 
can generate new performance. 

(4) Nano-size effect. POSS has a cage structure, with three-dimensional size of 
1.3nm, and the distance of Si-Si atoms is around 0.5nm. 

Functional silsesquioxanes contain epoxy groups, amino groups, alkenyl groups, 
or other reactive groups, and have a decomposition temperature of about 300°C because 
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of their good heat resistance. In particular, T8, a hexahedral silsesquioxane, is a solid 
residue after thermal decomposition, and has a high content of SiO2, and thus has 
excellent flame retardant properties. 

Based on the results of chapter 2, in this chapter, DOPO-VTES is used as the 
precursor, and the DOPO-POSS with DOPO structure is obtained by controlling the 
hydrolytic conditions. At present, the research of POSS is mainly focused on 
thermoplastic materials. In this chapter, DOPO-POSS is used as flame retardant to 
modify BDM/DBA resins to prepare flame retardant composites. The influence of 
DOPO-POSS on the flame retardant properties of BMI/DBA resins was investigated.  

3.1 Experimental  

3.1.1 Materials 
BDM was obtained from Hubei ShuangFei Chemical Co. Ltd (China). DBA was 

purchased from Laiyu Chemical Factory (China). Azobisisobutyronitrile (AIBN, 
99.5%), and concentrated hydrochloric acid (HCl, 36.5%) were purchased from 
LingFeng Chemical Co. Ltd. DOPO was obtained from Eutec Trading (Shanghai) Co. 
Ltd (China). Vinyltriethoxy silane (VTES) was bought from Nanjing Up Chemical Co. 
Ltd (China). Distilled water was produced in our laboratory. 

3.1.2 Equipment and instruments 
Equipment and instruments used for characterization are summarized in Table 3.1. 

Table 3.1  

Device Manufacturer Type 

Oven 

 

Tube furnace 

Shanghai Pudong Rongfeng 

Scientific Instrument Co., Ltd 

Kejia Furnace 

DZF 6-6020 

 

KJ-T1200-H6010LK2-G 

FTIR Nicolet Nicolet 6700 

LOI Chengde City Jin Jian Detection 

Equipment Co., Ltd 

XYC-75  

UL-94 Nanjing Jiangning County  CZF-3  

TGA NETZCSH Equipment 
Manufacturing Co., Ltd 

NETZCSH STA 409-PC 

1H-NHR Brucker  Brucker Avance 400 
Dielectric Tester Germany Novocontrol Concept 40  

Raman SPEX, America ASPEX-1043 
SEM Hitachi，Japan S-4800 
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3.1.3 Synthesis of DOPO-POSS 
The DOPO-POSS was synthesized according to a previous study [158]. The 

addition reaction between VTES (10g) and DOPO (10.8g) was initiated by AIBN, 
leading to the DOPO-containing triethoxysilane (DOPO-VTES). The hydrolytic 
condensation of DOPO-VTES (19.7g) was performed in methanol solution, using HCl 
as a catalyst. The temperature was held at 80°C for 24h. The crude product was obtained 
as a white powder after suction filtration and rinsing with deionised water (8.6g, 44% 
yield) 

 
Figure 3.1 Typical chemical structure of the DOPO-POSS  

 

3.1.4 Preparation of composites 
According to Table 3.2, appropriate amounts of DBA and DOPO-POSS, DOPO 

were thoroughly blended at 125-135°C until a clear and yellow liquid was obtained. 
And then pre-weighted BDM was added into the beaker at 125-135°C with stirring until 
a transparent liquid, and kept at that temperature for 15 min to obtain a homogeneous 
liquid, coded as BDM/DBA/nDP, where n means the weight loading of DOPO-POSS 
in the prepolymer and DP means DOPO-POSS. 

Each prepolymer was thoroughly degassed at 135°C, and poured into a preheated 
(135°C) metal mould, followed by curing and postcuring following the process of 
150℃°C /2h+180°C /2h+200°C /2h and 230°C /4h. 

 
Table 3.2 Formulations of resins 

Resin BDM/DBA (wt%) DOPO-POSS (wt%) DOPO (wt%) 

BDM/DBA 100 _ _ 

BDM/DBA/5%DP 95 5 _ 

BDM/DBA/10%DP 90 10 _ 
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BDM/DBA/15%DP 85 15 _ 

BDM/DBA/10%DOPO 90 _ 10 

 
3.1.5 Measurements 
1H NMR measurement was performed on AVNCE 400 Bruker spectrometer at 

room temperature using CDCl3 as a solvent. 
Fourier transform infrared (FTIR) spectra were recorded between 400 and 4000 

cm-1 with a resolution of 2cm-1 on a Nicolet-6700 Infrared Spectrometer (USA). 
 Scanning Electron Microscope (SEM, S-4800, Japan) coupled with energy 

disperse X-ray spectrometer (EDX) was employed to observed the morphologies of the 
fractured surfaces of the charred layers samples. 

Thermogravimetric analysis (TGA) was performed using PerkinElmer Pyris (USA) 
in the range from 25 to 800°C with a heating rate of 20°C/min.  

UL94 tests were performed according to ASTM (D63-77). The dimensions of each 
sample were (125±0.02)*（13±0.02）*（3±0 .02）mm3. The reported results are 
the average of five measurements. 

Limited Oxygen Index(LOI) values were measured on a Stanton Redcraft Flame 
Meter (UK) according to ASTM D2863/77. The dimensions of each sample were (100
±0.02) *（6.5±0.02）*（3±0 .02）mm3. The reported results are the average of three 
measurements. 

Raman spectroscopy measurements were carried out at room temperature with a 
Thermo Fisher Scientific, DXR laser Raman spectrometer with excitation provided in 
back-scattering geometry by a 780 nm argon laser line.  

The dielectric property of a sample was tested by using Novocontrol Concept 40 
(Germany) apparatus between 1 HZ and 1MHz at room temperature. 
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3.2 Results and Discussion 

3.2.1 Characterization of DOPO-POSS 

 
Figure 3.2 FTIR spectra of DOPO-VTES、VTES and DOPO 

 
Figure 3.3 1H-NMR spectra of DOPO-VTES 

 

The chemical structure of DOPO-VTES was characterized by FTIR, 1H NMR. 
FTIR analysis of DOPO-VTES is presented in Figure 2.2.1. The 1H NMR of DOPO-
VTES is shown in Figure 3.3. The peak at 8.68 ppm for the P-H bond of DOPO 
disappears completely. Besides, the peaks at 0.86 ppm and 2.1 ppm for the DOPO-
VTES are ascribed to methylene protons in Si-CH2 and P-CH2, respectively. 
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Figure 3.4 FTIR spectra of DOPO-VTES and DOPO-POSS 

 

Figure 3.5 1H-NMR spectra of DOPO-POSS 

 

The chemical structure of DOPO-POSS was characterized by FTIR, 1H NMR 
The FTIR spectrum of DOPO-VTES and DOPO-POSS is shown in Figure 3.4. In 

the FTIR spectrum of DOPO-POSS, the absorbance peaks of -O-CH2 -CH3 at 963, 2888, 
2925, 2975cm-1 almost disappear. The strong absorbance band at 1114cm-1, ascribed to 
formation of the Si-O-Si bonds, and the peak at 3226cm-1 belongs to Si-OH. The 1H 
NMR of DOPO-POSS is shown in Figure 3.5.It is shown that the peaks at 1.2-1.26 ppm 
and 3.83-3.88 ppm are ascribed to methyl and methtene protons in O-CH2-CH3 of 
DOPO-VTES disappear in the spectra of DOPO-POSS. And the peak at 3.46 ppm is 
ascribed to Si-OH in DOPO-POSS. 
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3.2.2 Effect of DOPO-POSS on the flame retardancy of BMI composites 
 

Table 3.3 Results of LOI and UL-94 tests of the investigated formulations 

Sample     LOI/% Ranking Dripping t1/t2(s)a 

BDM/DBA 25.3±0.5 V-1 No b /No 5.0/13.4 

BDM/DBA/5%DP 34.5±0.5 V-1 No/No 3.0/13.1 

BDM/DBA/10%DP 35.9±0.5 V-0 No/No 2.6/5.3 

BDM/DBA/15%DP 

BDM/DBA/10%DOPO                      

38.5±0.5 

34.8±0.5 

V-0 

V-1 

No/No 

No/No 

2.2/2.5 

4.8/12.3 

a  t1 and t2, average combustion times after the first and second applications of the flame. 
b  No/yes corresponds to the first/second flame application.  

 
The results of flammability tests LOI and UL94）are given in Table 3.3 for all the 

samples investigated. In the UL 94 tests, BDM/DBA resin burned easily. However, the 
LOI value of BDM/DBA resin can be increased to 34.8% as well as the UL 94 rating 
can be improved to V-1 with adding 10 wt% of DOPO. This is in agreement with the 
reported literature. Li’s group investigated the flame retardancy effects of phosphorus-
containing compounds on epoxy resins, and the LOI value increased with the addition 
of phosphorus-based retardants [159]. The same weight amount of DOPO was replaced 
by DOPO-POSS in BDM/DBA/10%DP resin. As a result, the LOI value increases to 
35.9%. In addition, the combination of DOPO and POSS resulted in a V-0 ranking. This 
suggests that probably a synergistic effect exists between DOPO and POSS.  

It can be observed that the LOI values of BDM/DBA/DP increase with the content 
of DOPO-POSS. When 15wt% DOPO-POSS is added, the LOI value of 
BDM/DBA/DP resin increases from 25.3% to 38.5%. The flame retarding level of 
cured BDM/DBA resins is V-1; however, when the content of DOPO-POSS is 10wt%, 
the flame retardancy of the cured BDM/DBA/DP resins is classified as V-0. With 
increasing DOPO-POSS content, t1 and t2 in UL-94 testing decrease gradually. The 
results show that DOPO-POSS can flame retard BDM/DBA resins effectively, which 
probably is due to the fact that DOPO-POSS contains both phosphorous and silicon 
elements, as showed in Figure 3.1. The DOPO groups in DOPO-POSS act similarly to 
aromatic phosphates, which impart flame retardancy through flame inhibition in the gas 
phase and char enhancement in the condensed phase [160, 161]. In the gas phase, 
phosphorus-containing flame retardants produce PO· radicals and HPO, which can 
react with the H· and ·OH radicals. In the condensed phase, they promote char 
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formation, which acts as a barrier. On the other hand, silicon tends to form a silicon 
dioxide layer protecting the polymer resin during burning [154,162].  

3.2.3 Effect of DOPO-POSS on the thermal stability of BMI composites 
TGA is an effective method to characterize the thermo-oxidation resistance of 

materials. Figure 3.6 and 3.7 present TGA curves of BDM/DBA resins with various 
contents of DOPO-POSS under nitrogen and air atmosphere, respectively. The 
temperature at 5wt% weight loss (T-5%), the mid-point temperature of degradation (T-

50%), and the fraction of the solid residue (Yc) at 800°C were obtained from the TGA 
curves. All these data are presented in Table 3.4 and Table 3.5. 

 

 
Figure 5 TGA curves of BDM/DBA resins with various contents of DP under a nitrogen 

atmosphere. 

 

Table 3.4 TGA Data in Nitrogen of the Samples 

Samples 

 

T-5%(℃) T-50%(℃)  Char Residue（%） 

at 800℃ in experiment 

 Char Residue（%） 

at 800℃ in theory 

DOPO-POSS 360.2 529.8 39.3 39.3 

BDM/DBA 446.2 503.4 29.4 29.4 

BDM/DBA/5%DP 439.3 520.9 35.1 29.9 
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BDM/DBA/10%DP 437.8 526.8 38.7 30.4 

BDM/DBA/15%DP 416.5 544.4 40.4 30.9 

 
As we can see from Figure 3.5, the thermal degradation process of all the samples 

has one stage as in the case of neat BDM/DBA. T-5% of BDM/DBA/DP resins is lower 
than that of BDM/DBA resin. The reason is probably that the initial degradation of the 
DOPO-POSS begins at a lower temperature. However, it should be noticed that the T-

50% of BDM/DBA/DP resins is higher than that of BDM/DBA, which results from the 
fact that DOPO-POSS can form a ceramic-like layer under nitrogen atmosphere, and 
the layer can protect the inner part of the resins from further degradation. The char 
residues increase gradually with the content of DOPO-POSS rising from 5 to 15wt%. 
The TG data shows that the Yc of BDM/DBA at 800°C is 29.4%, but that of 
BDM/DBA/15%DP is 40.4%. And all measured values of char residues are higher than 
in theory. The high fraction of solid residue is attributed to the synergistic effect of 
phosphorous and silicon, which means that phosphorous accelerates the formation of 
char, while silicon prevents thermal degradation of the char [156].  

 
Figure 3.6 TGA curves of BDM/DBA resins with various contents of DP under air 

atmosphere. 
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Table 3.5 TGA Data in Air of the Samples 

Samples T-5%(℃) T-50%(℃) Char Residue（%） 

at 800℃ in experiment 

Char Residue

（%） 

at 800℃ in theory 

DOPO-POSS 289.7 525.6 40.2 40.2 

BDM/DBA 431.6 537.0 0 0 

BDM/DBA/5%DP 429.8 569.3 3.4 2.0 

BDM/DBA/10%DP 429.4 580.6 8.1 4.0 

BDM/DBA/15%DP 429.5 585.1 9.9 6.0 

 
Figure 3.6 presents the TGA curves of the DOPO-POSS, BDM/DBA, 

BDM/DBA/5% DP, BDM/DBA/10%DP, BDM/DBA/15%DP in air atmosphere. For 
the BDM/DBA/DP resins, it can be seen that the thermal oxidative degradation process 
has two stages. The T-5% of the BDM/DBA/DP resins are almost the same as that of 
BDM/DBA resin. As shown in Figure 3.6, the first mass loss region for the BDM/DBA 
and BDM/DBA/DP resins is in the temperature range from 400-512°C. DOPO-POSS 
does not improve the thermal stability of BDM/DBA/DP resins in this temperature 
region. The residues of the BDM/DBA and BDM/DBA/DP resins at 480°C show 
similar values, about 66%. The second degradation stage follows at 544-709°C. The 
T50% values of the BDM/DBA/DP resins are higher than that of the neat BDM/DBA 
resin, that is to say DOPO-POSS may be oxidized and form a silicon dioxide layer. The 
silicon dioxide layer can improve the thermo-oxidation resistance of the BDM/DBA 
resins. As the content of DOPO-POSS rises from 0 to 15%, the char residues increase 
gradually. The char yield of BDM/DBA resin at 800°C is 0%，however that of 
BDM/DBA/15% DP is 9.9%. It can be seen that DOPO-POSS plays an important role 
in the char forming of the BDM/BDA/DP resins under air atmosphere. Some 
researchers have reported that the thick charred layer is a good thermal barrier that can 
delay and prevent thermal oxidative degradation of the resin, therefore the high Yc will 
give the resin system excellent flame retardant properties.  
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3.2.4 Effect of DOPO-POSS on the thermal degradation behavior of BMI 
composites 

 

(a) 

 
(b) 

Figure 3.7 FTIR spectra of （a）BDM/DBA (b) BDM/DBA/15%DP resins degraded at 

different temperatures for 15 min 

 

In order to study the effect of DOPO-POSS on flame retardancy of BDM/DBA 
resin, the change in chemical structure during the thermal degradation process of 
BDM/DBA and BDM/DBA/15%DP resins was monitored by FTIR, and the 
corresponding spectra are shown in Figure 3.7.  

As for the BDM/DBA resin, it is noted that peaks at around 3459, 3130, 1710, 
1630, 1509 cm-1are the characteristic absorption bands of BDM/DBA. It can be seen 
that the relative areas of characteristic absorptions for the BDM/DBA resin decrease 
with increasing temperature, and almost disappear at about 600°C, demonstrating that 
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the organic resin is decomposed. However, all those peaks can still be found after being 
maintained at 650°C for 15 minutes, implying that the DOPO-POSS can protect the 
resin from complete decomposition. 

Besides the characteristic absorptions of organic bonds in the FTIR spectrum of 
BDM/DBA/15%DP resin after it is maintained at 650°C, there are absorptions 
reflecting Si-O-Si (1100 cm-1) , and P-O-C (910 cm-1). It is known that organic silicon 
resin-based materials can form protective barriers during burning and thereby endow 
the polymer matrix with superior thermal stability [163]. 

3.2.5 Investigation of char residues of BMI/ DOPO-POSS composites 
(1) Morphology of the char layer 
 

 
Figure 3.8 Photograph of the BDM/DBA and BDM/DBA/15%DP resins 

 

Figure 3.8 is the photograph of BDM/DBA and BDM/DBA/15%DP resins after 
they were maintained at 800°C for 15 minutes in a tube furnace. It can be seen that the 
shape of the BDM/DBA resin is obviously destroyed after being maintained at 800°C 
for 15 minutes. Instead, as the temperature increases, the char of BDM/DBA resin 
collapses, demonstrating that the carbon produced during the composition does not 
form a compact layer, and thus the resin is not well protected from decomposition. In 
contrast, the BDM/DBA/15%DP resin shows a different phenomenon. It can be 
observed that the char from the BDM/DBA/15%DP resin was firm and retained its 
shape after being maintained at 800°C for 15min. Moreover, the mass of the residue is 
significantly increased. In order to further investigate the reason of this phenomenon, 
the microstructure of carbon layers was investigated.   
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Figure 3.9 SEM micrographs of the residual chars for （a）BDM/DBA and（b）

BDM/DBA15%DP resins 

 

Figure 3.9 presents SEM images of the residues acting as barriers. The residue 
morphology of BDM/DBA is given in Figure 3.9 (a). As seen from the image, there are 
a few obvious surface cracks in the residue. These cracks are produced by gas expansion 
rupture in the burning process which suggests that the char is not tight enough to block 
gases and protect the matrix. Figure 3.9 (b) shows the SEM image of the residual 
charred layer of BDM/DBA/15%DP resin. The addition of DOPO-POSS enhances the 
quality of char layer. The surface of charred layers becomes more integrated and 
compact. The residue of BDM/DBA/15%DP has a larger superficial area and contains 
extensive gases to decrease the thermal conductivity and to decrease the heat transfer. 
BDM/DBA/15%DP provides a V-0 classification, because the compacted char can 
effectively prevent the heat and mass transfer to the air between the condensed phase 
and the gas phase. 
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 (2) EDX analysis of char residues 
 

 

Figure 3.10 （a）SEM images and （b）EDX mapping pictures of the residue for the 

BDM/DBA resin 

 

 
Figure 3.11 （a）SEM images and （b）EDX mapping pictures of the residue for the 

BDM/DBA/15%DP resin 

 

Table 3.6 Element Compositions of the Residues for BDM/DBA and BDM/DBA/15%DP 

Resins 

Samples Element Concentration (%) 

C O N Si P 

BDM/DBA 78.1±8.3 12.3±2.3 9.6±2.1 - - 

BDM/DBA/15%DP 53.6±4.9 34.0±4.2 6.5±1.2 3.8±0.3 2.1±0.2 
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The char products from the BDM/DBA and BDM/DBA/15%DP resins were 
investigated by EDX analysis. The concentrations of C, O, N, Si and P in the chars are 
listed in Table 3.6. The atom percent of C element in the char of BDM/DBA/15%DP is 
lower than that in the BDM/DBA resin and the atom percent of O element in the char 
of BDM/DBA/15%DP is higher than that in the BDM/DBA. This is caused by the 
existence of abundant of Si-O2 and P-O structures in the char. A number of Si and P 
element are observed in the char of BDM/DBA/15%DP, which is helpful to enhance 
the thermo-stability of the char [164]. It indicates that DOPO-POSS has an obvious 
action in the condensed phase.  

(3) Effects of the graphitization degree of chars on the flammability properties  

The microstructure of chars is a critical factor for flammability properties of 
polymers. The degree of graphitization is a very important structural parameter, which 
reflects the transition extent of carbon material from a turbostratic to a graphitic 
structure and determines the properties of the material.  

Raman spectroscopy has played an important role in the structural characterization 
of graphitic materials. There are two features in the Raman spectra of graphitic 
materials, which are called G-band appearing at 1582cm-1(graphite), and the D band at 
1350cm-1(disordered char). Tuinstra and Koenig [165] pointed out that the ratio of the 
D and G band intensities（R=ID/IG）is inversely proportional to the in-plane crystallite 
sizes, which represents the graphitization degree of the chars.  

 

Figure 3.12 Raman curves of the char residues of BDM/nDP resins after they were 

maintained at 800℃ for 15 min 
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Table 3.7 R value of the BDM/DBA and BDM/DBA/15%DP resins in Raman tests 

Samples R 

BDM/DBA 3.03 

BDM/DBA/15%DP 2.22 

 
Figure 3.12 shows the Raman spectroscopy diffusion spectra of the char residues 

of BDM/DBA and BDM/DBA/15%DP resins after being maintained at 800°C for 10 
min, and the R values of all resins are listed in Table 3.7. It can be seen that R is 
decreased at a 15% loading of DOPO-POSS in BDM/DBA, indicating that 
BDM/DBA/15%DP has a much higher degree of graphitization. The role of DOPO-
POSS on the enhancement of the graphitization degree may be a catalytic effect. The 
graphitization degree can be improved by using such a catalyst. It can be concluded that 
a higher graphitization degree in the char structure would show better thermo-oxidative 
stability for protecting the matrix. That is why the char yield is increased by adding 
DOPO-POSS according to TG test. 

 
3.2.6 Effect of DOPO-POSS on the dielectric properties of BMI composites 

 

Figure 3.13 Dependence of the dielectric constant on the frequency of the cured 

BDM/DBA and BDM/DBA/nDP resins.  
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Figure 3.14 Dependence of the dielectric loss on the frequency of the cured BDM/DBA 

and BDM/DBA/nDP resins.  

 

Good dielectric properties are important for many applications of the resin in 
cutting-edge fields, so it is necessary to test the dielectric properties of a modified resin. 

Figure 3.13 and 3.14 show the dependence of the dielectric constant and dielectric 
loss as a function of frequency for cured BDM/DBA and BDM/DBA/DP resins, 
respectively. All BDM/DBA/DP resins exhibit very good stability of dielectric 
properties over a wide frequency range from 101 to 107 Hz as BDM/DBA resin does. 
Moreover, the former has much lower dielectric constant and loss than the latter. On the 
other hand, the dielectric properties are greatly dependent on the content of DOPO-
POSS, which increases as the content of DOPO-POSS increases. For example, the 
dielectric constant and loss of the BDM/DBA/15%DP resin at 1MHz are 3.11 and 0.008, 
only about 93% and 73% of those of the BMI resin. This phenomenon can be explained 
by the low polarity of Si-O-Si and the porous structure in the cage of DOPO-POSS 
[166]. DOPO-POSS as a flame retardant in the BDM/DBA resin also plays a positive 
effect in the dielectric properties, which is very attractive in actual applications  

3.3 Conclusions 

Flame retardant BDM/DBA resins have been obtained by adding a novel 
polyhedral oligomeric silsequioxane containing 9, 10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide into BDM/DBA. The fire property of BDM/DBA/DP 
resins was investigated and compared with BDM/DBA resins. The addition of DOPO-
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POSS induces a fire retardant effect in BDM/DBA and results in V-0 classification in 
UL-94 test. TGA measurements indicate that the BDM/DBA resin is fully consumed 
and no solid residue remains at 800°C. DOPO-POSS loading has a positive effect on 
the thermal stability and char yield of the BDM/DBA resins. The Raman spectrum tests 
suggest that the existence of DOPO-POSS enhances the graphitization degree of 
BDM/DBA during combustion. The morphology and EDX analysis of residues show 
that the surface of charred layers becomes more integrated and dense with the addition 
of DOPO-POSS. The compact char can effectively prevent the exchange of the heat 
and mass between the underlying polymer material and the flame zone. Moreover, 
BDM/DBA/DP resins exhibits a lower dielectric constant and dielectric loss than the 
neat BDM/DBA resin. This investigation demonstrates that high performance resins 
with good flame retardancy and dielectric properties can be developed by adding 
DOPO-POSS.  
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Chapter 4 Carbon nanotubes used as synergist in DOPO 

containing BMI composites 

In chapters 2 and 3, it was revealed that DOPO has good flame retardant effects in 
BDM/DBA composites only when the amount of DOPO is high enough. However, 
during the preparation of samples, it was found that when a large amount of DOPO was 
added to the resin, the mechanical properties of composites were negatively affected as 
the composites became brittle and were easily broken. 

It is well known that carbon nanotubes (CNTs), as a kind of one-dimensional 
carbon material, have attracted much attention because of their special structures, 
remarkable mechanical and other properties, and have been introduced into polymer 
materials as an enhancement filler. In fact, when CNTs act as reinforcing fillers, the 
effect depends mainly on their dispersion in the polymer matrix and their interface with 
the matrix material. This can be improved by modifying the sidewalls of CNTs e.g. by 
amino-functionalization and silanization. In addition, studies have shown that the CNTs 
as nano-fillers may also act as of nano-flame retardants. When CNTs are added to the 
polymer matrix, they may impart good thermal stability and flame retardant properties 
to the polymer. The flame retardant effect of carbon nanotubes is mainly due to the 
formation of a carbon layer with network structure on the surface of the polymer 
material during the combustion process. 

In this chapter, modified multiwalled carbon nanotubes (MWCNTs) were used as 
synergists to enhance the flame retardancy of DOPO flame retardant BMI/DBA resins. 
Because the unmodified MWCNTs tend to agglomerate in the resin matrix, the 
MWCNTs were firstly acidified and then oxygen-containing functional groups were 
grafted to the surfaces of the MWCNTs. Finally, the surface of MWCNTs was coated 
with amino functional groups through a polycondensation reaction between APTES 
containing hydroxyl groups and oxygen-containing functional groups. It is expected 
that the modified carbon nanotubes achieve good dispersion by the shearing force 
applied in the process, and a three-dimensional network structure is formed inside the 
resin. The degradation rate of the composites can thus be reduced and the thermal 
stability can be improved during the combustion process. Moreover, the flame retardant 
effect can be enhanced. 
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4.1 Experimental 

4.1.1 Materials 
BDM was obtained from Hubei ShuangFei Chemical Co. Ltd, China. DBA was 

purchased from Laiyu Chemical Factory, China. DOPO was obtained from Eutec 
Trading (Shanghai) Co. Ltd, China. MWCNTs (average outer diameter 10~25nm, 
length>5 μ m ） were purchased from Shenzhen Nanotech Port Co. Ltd, China. 
γ -aminopropyltriethoxysilane (APTES) with purity of 99% was purchased from 
Nanjing Up Chemical Co. Ltd. Sulfuric acid (H2SO4, 98%), and nitric acid fuming 
(HNO3, 65%) was purchased from LingFeng Chemical Co. Ltd. Distilled water was 
produced in our laboratory. 

 
4.1.2 Equipment and instruments 
Equipment and instruments used for characterization are summarized in Table 4.1. 

Table 4.1 Equipment and instruments 

Device Manufacturer Type 

Oven 

 

Tube furnace 

Shanghai Pudong Rongfeng 

Scientific Instrument Co., Ltd 

 Kejia Furnace 

DZF 6-6020 

 

KJ-T1200-H6010LK2-G 

FTIR Nicolet Nicolet 6700 

LOI Chengde City Jin Jian Detection 

Equipment Co., Ltd 

XYC-75  

UL-94 Nanjing Jiangning Country CZF-3  

TGA NETZCSH Equipment 

Manufacturing Co., Ltd 

NETZCSH STA 409-PC 

Ultrasonic Cleaning Instrument Shanghai Hannuo Instrument 

Co., Ltd 

 

Charpy impact machine tester  Shanghai Qingji Instrument 

Technology Co., Ltd 

XCJ-L 

Raman SPEX, America ASPEX-1043 
SEM Hitachi, Japan S-4800 

TEM JEOL, Japan JEL1011 

 
4.1.3 Surface modification of carbon nanotubes 
Acid treatment of MWCNTs 
Two grams of MWCNT was sonicated in 75 ml of sulfuric acid at 50oC for 2 h. 
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Then 25 ml of concentrated nitric acid was added into the solution followed by 
refluxing under magnetic stirring at 100oC for 2 h. The sample was then washed with 
distilled water until a neutral pH value was obtained and the MWCNT-COOH was dried 
in vacuum at 80oC for 24 h. 

Preparation of MWCNT-COOH treated with γ -aminopropyltriethoxysilane
（MWCNT-APTES） 

 

 
Figure 4.1 Schematic process for preparing MWCNT-APTES 

 

The synthesis route of MWCNT-APTES is shown in Figure 4.1. About 1 g of 
MWCNT-COOH was dispersed in 50 ml of ethanol under ultrasonication for 30 min 
and then APTES was added into it. The solution was refluxed at 70 °C for 4 h. After 
completion of the reaction, the product was purified by repeated washing with distilled 
water until a neutral pH value was obtained. The silanized nanotubes obtained were 
separated by filtration and dried under vacuum at 80°C for 24 h. 

 
4.1.4 Preparation of composites 
 

Table 4.2 Formulations of resins 

Resin BDM/DBA 

(wt%) 

DOPO 

(wt%) 

MWCNT 

(wt%) 

MWCNT-APTES 

(wt%) 

S1 100 _ _ _ 

S2 95 5 _ _ 
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S3 95 4 1 _ 

S4 95 4.5 _ 0.5 

S5 95 4 _ 1 

S6 95 3 _ 2 

 
According to Table 4.2, appropriate amounts of MWCNT-APTES (or MWCNT) 

and DOPO were added into DBA at 125-135°C and was stirred until the formation of 
a uniform mixture. And then pre-weighted BDM was added into the beaker at 125-
135 °C with stirring until a transparent liquid, and kept at that temperature for 15 min 
to obtain a homogeneous liquid, coded as S1, S2, S3, S4, S5, S6, respectively.  

Each prepolymer was thoroughly degassed at 135°C, and poured into a preheated 
(135 °C) metal mold, followed by curing and postcuring following the process of 150 °C 
/2 h+180 °C /2 h+200 °C /2 h and 230 °C /4 h, after which a cured product was obtained. 

4.1.5 Measurements 
Fourier transform infrared (FTIR) spectra were recorded between 400 and 4000 

cm-1 with a resolution of 2cm-1 on a Nicolet-6700 Infrared Spectrometer (USA). 
Transmission electron microscope (TEM, JEL1011, JEOL, Japan) was employed 

to observe the structure of MWCNT-APTES. 
The unnotched impact strengths were tested according to Chinese Standard 

GB/T2571-1995 using a Charpy impact machine tester (XCJ-L, China). Five examples 
from each formulation were broken. 

Scanning Electron Microscope (SEM, S-4800, Japan) was employed to observe 
the morphologies of the fractured surfaces of the charred layers samples. 

Thermogravimetric analysis (TGA) was performed using PerkinElmer Pyris (USA) 
in the range from 25 to 800°C with a heating rate of 20°C /min under nitrogen 
atmosphere.  

UL94 tests were performed according to ASTM D63-77. The dimensions of each 
sample were (125±0.02)*（13±0.02）*（3±0 .02）mm3. The reported results are 
the average of five measurements. 

Limiting Oxygen Index (LOI) values were measured on a Stanton Redcraft Flame 
Meter (UK) according to ASTM D2863/77. The dimensions of each sample were (100
±0.02) *（6.5±0.02）*（3±0 .02）mm3. The reported results are the average of three 
measurements. 
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Raman spectroscopy measurements were carried out at room temperature with a 
Thermo Fisher Scientific, DXR laser Raman spectrometer with excitation provided in 
back-scattering geometry by a 780 nm argon laser line.  

4.2 Results and Discussion 

4.2.1 Characterization of MWCNT-APTES 
 

 
Figure 4.2 FTIR spectra of MWCNT-COOH and MWCNT-APTES 

 

The FTIR spectra of MWCNT-COOH and MWCNT-APTES are shown in Figure 
4.2. Two peaks appear at 1716 cm-1 and 1162 cm-1 corresponding to the C=O and C-O 
stretching vibrations of the carboxylic groups (-COOH), respectively [167], and a wide 
peak at about 3500 cm-1 is observed for the OH functionality. All these observations 
indicate that the surface of the MWCNT has been functionalized by oxidation and hence 
the formation of –OH and –COOH groups. Compared with oxidized MWCNT, a 
characteristic absorption peak is observed at 1070 cm-1, attributed to Si-O vibration. 
Moreover, another peak at 3440 cm-1 corresponds to the N-H stretch of the amine (NH2) 
group [155]. This spectral evidence confirms the successful APTES functionalization 
of oxidized MWCNT. 
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Figure 4.3 TEM images of MWCNT (a) and MWCNT-APTES (b) 

 

In order to get direct evidence, the comparison for the microstructures of the 
MWCNT and MWCNT-APTES is shown in Figure 4.3. The MWCNT-APTES keeps 
the main shape of the original MWCNT, while the diameter of the former (35-50nm) is 
larger than the latter (15-25nm). The wall thickness of the MWCNT-APTES is about 5-
10nm larger than that of MWCNT, which directly proves that APTES has been grafted 
successfully to the surface of the MWCNT. 

 

 
Figure 4.4 SEM images of BDM/DBA/DOPO resins (a) S3; (b) S5 

 

Figure 4.4 shows the dispersion states of MWCNT and MWCNT-APTES in 
BDM/DBA/DOPO resins. The SEM images show the degree of dispersion of the fillers 
in polymer matrix. It is shown in Figure 4.4 (a) that MWCNT aggregates in the matrix 
because of Van der Waals forces and π-π interactions between CNTs. In contrast in 
Figure 4.4(b), MWCNT-APTES exhibits a better dispersion in the matrix and no 
aggregation was found. This can be explained by the fact that the modified MWCNT 



 

74 
 

contains –NH2 groups (as shown in Figure 4.2), which react with the imide groups of 
BDM [168]. Therefore, the modification of MWCNT can improve the dispersion and 
consequently enhance the interfacial interaction between MWCNT and BDM. 

4.2.2 Effect of MWCNT-APTES on the mechanical properties of BMI composites 
 

 
Figure 4.5 Impact strength of the resins 

 

Figure 4.5 shows the impact strengths of the S1, S2, S3, S4, S5, and S6 resins. 
Compared with S1 resin, S2 resin has slightly lower impact strength with the addition 
of 5% DOPO. This means that the addition of DOPO deteriorates the toughness of the 
neat BDM/DBA resin. Furthermore, the impact strength of the S3 resin is much lower 
than that of the S2 resin, with only about 86% of the impact strength value of the S2 
resin. Addition of MWCNT does not show any toughening effect of the composite. In 
contrast, the impact strength of the S4, S5, and S6 resins are significantly higher than that 
of the S2 resin.  

The impact strength of the S5 resin is the highest of the six resins tested, with about 
120% of the impact strength value of the S2 resin. It is well acknowledged that 
improving the flame retardancy of polymers without sacrificing other properties (such 
as mechanical properties) simultaneously is very attractive for industrial applications. 
For instance, Rachasit found that the incorporation of ammonium polyphosphate 
reduced the impact strength of the modified matrix [169]. We can conclude that it is 
meaningful to add a suitable amount of MWCNT-APTES to the matrix to gain better 
toughening effect.  
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Figure 4.6 SEM images for fractured surfaces of the resins (a) S1; (b) S2; (c) S3; (d) S4; 

(e) S5 

 

SEM images for the fracture surface of the S1, S2, S3, S4, and S5 resins after 
unnotched impact testing are presented in Figure 4.6. They indicate that the addition of 
MWCNT-APTES totally changes the impact fracture behavior. The S1, S2, and S3 resins 
show a brittle fracture surface, while the S4 and S5 resins exhibit a ductile fracture 
surface. Moreover, it can be seen from Figure 4.6 (d) and (e) that no obvious MWCNT 
pullout can be observed and that MWCNTs are uniformly distributed in the matrix. That 
is to say, most MWCNTs are covered by the matrix. This phenomenon can be attributed 
to the strong interfacial adhesion between MWCNT and polymer matrix since the fiber-
matrix interfacial adhesion strength increases as the critical fiber (here MWCNT) length 
decreases, and the critical MWCNT length is proportional to MWCNT pullout length 
[170]. It can be concluded that the modification of MWCNT can improve the interfacial 
interaction. 

Different from MWCNT, MWCNT-APTES has chemical interactions with the 
polymer matrix, and therefore good dispersion in the resin (as shown in Figure 4.4 (b)). 
Normally, the fundamental toughening theory for polymer/filler composites says that 
the presence of inorganic particles may cause stress concentration effect, which can 
produce some micro-cracks in the matrix around the particles and hence absorb 
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deformation work. The toughening effect is dependent on the dispersion of the 
inorganic filler, and depends on whether the inorganic and organic phases can form 
elastic transitional areas. If the inorganic filler is well dispersed in the matrix and has 
strong interactions with the polymer, it can form elastic transitional area, which can 
block and blunt the crack propagation in the resin, and thereby effectively stop the 
formation of destructive cracks. Based on this theory, incorporating MWCNT-APTES 
to the BDM/DBA/DOPO resin is an effective method to improve toughness.  

 
 4.2.3 Effect of MWCNT-APTES on the flame retardancy of BMI composites 

 
Table 4.3 Results of LOI and UL-94 tests of the investigated resins 

Sample     LOI/% Ranking Dripping t1/t2(s)a 

S1 25.3±0.5 V-1 No b /No 5.0/13.4 

S2 27.1±0.5 V-1 No/No 4.7/12.3 

S3 28.6±0.5 V-1 No/No 5.6/9.8 

S4 

S5                     

28.9±0.5 

29.7±0.5 

V-0 

V-0 

No/No 

No/No 

3.2/4.5 

2.8/2.6 

S6 29.5±0.5 V-0 No/No 2.4/2.7 

a  t1 and t2, average combustion times after the first and second applications of the flame. 

b  No/yes corresponds to the first/second flame application.  

 
LOI is the representative of the lowest oxygen volume content in % for keeping 

the sample on fire, and is used to evaluate the effectiveness of fire retardant resins. 
Generally, if the LOI values of the composite is higher than 26, it shows high flame 
retardancy. The results of flammability（the LOI and the UL94 tests）are given in Table 
4.3 for all the resins investigated. In the UL 94 tests, the neat BDM/DBA resin burned 
easily. For the S2 resin, the LOI value is increased to 27.1, while the UL 94 rating 
remains at V-1 with adding 5 wt% of DOPO. The LOI value of the S4 resin which 
contains 0.5wt% of MWCNT-APTES is 28.9 and therefore higher, if compared to the 
S2 resin containing only one kind of flame retardant. Furthermore, it can be observed 
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that the LOI values of the resins increase with the content of MWCNT-APTES. When 
1wt% MWCNT-APTES is added, the LOI value of S2 increases from 27.1 to 29.5. The 
flame retarding level of the S2 resin is V-1. However, when the content of MWCNT-
APTES increases to 1wt%, the flame retardancy of the S5 resin is classified as V-0 
according to UL-94. The flame retardancy of S6 is almost the same as of S5, which 
means that 1 wt% MWCNT-APTES is the most suitable amount found in this study. 

Interestingly, with the same fraction of MWCNT, the S3 resin showed a lower LOI 
value and just reached V-1 ranking compared with the S5 resin. This can be explained 
by the fact that MWCNTs and BDM/DBA resin do not interact and therefore MWCNTs 
cannot act effectively as cementing agent during combustion.  

The results demonstrate that a synergistic effect exists between DOPO and 
MWCNT-APTES on the flame retardancy of BDM/DBA resins. DOPO groups act 
similarly to aromatic phosphates, which impart flame retardancy through flame 
inhibition in the gas phase and char enhancement in the condensed phase. In the gas 
phase, phosphorus-containing flame retardants produce PO· radicals and HPO, which 
can react with H· and ·OH radicals. In the condensed phase, they promote char 
formation, which can act as a barrier. On the other hand, MWCNT-APTES can, due to 
their structured network layer, act as a shield and emit much of the incident radiation 
back into the gas phase. This may decrease the rate of polymer degradation. 

4.2.4 Effect of MWCNT-APTES on the thermal stability of BMI composites 
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Figure 4.7 TGA curves of resins under nitrogen condition (a) S1, DOPO, MWCNT-

APTES; (b) S2, S3, S4, S5 resins 

 

TGA is an effective method to characterize the thermal resistance of materials. In 
Figure 4.7 the TGA curves of raw materials and resins with various contents of flame 
retardants under nitrogen are given. The temperature at 5wt% weight loss (T-5%), the 
mid-point temperature of degradation (T-50%), and the fraction of solid residue (Yc) at 
800 °C were obtained from the TGA curves. All these data are presented in Table 4.4.  

 
Table 4.4 TGA Data in Nitrogen of the Samples 

Samples 

 

T-5%(℃) T-50%(℃)  Char Residue（%） 

at 800℃ in experiment 

 Char Residue（%） 

at 800℃ in theory 

DOPO 230.7 307.2 _ _ 

MWCNT-APTES  _ 75.3 _ 

S1 446.2 503.4 29.4 _ 

S2 423.7 577.7 42.6 _ 

S3 423.3 588.9 43.4 _ 

S4 425.1 601.6 44.4 28.3 
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S5 428.6 613.6 45.3 28.7 

 
As shown in Figure 4.7, the thermal degradation process of all the samples has one 

stage as in the case of the S1 resin. T-5% of the S2 resin containing DOPO is lower than 
that of the S1 resin. This can be explained by the fact that the initial degradation of 
DOPO begins at a low temperature (about 230.7 °C). For the flame-retarding resins 
with incorporation of DOPO and MWCNTs (S3, S4, S5), a similar thermal degradation 
process as in the case of the S2 resin is found. However, as shown in Figure 4.7 (b) and 
Table 4.4, not only the T-5% values are increased, but also the T-50% values are 
significantly higher than for the S2 resin. Obviously, the addition of MWCNT-APTES 
can improve the initial thermal stability of the resins, which was damaged by the 
presence of DOPO. 

During the one-step decomposition of the neat BDM/DBA resin, some volatile 
products are produced, resulting in only 29.4% char residue left at 800 °C. The TGA 
data show that the Yc of S2 at 800 °C is 42.6 wt% due to the fact that phosphorous 
accelerates the formation of char. Furthermore, the addition of MWCNT-APTES in 
BDM/DBA/DOPO resin causes a slight increase of the resulting residues. Compared to 
the 29.4 wt% for the S1 resin and 42.6 wt% for the S2 resin (containing 5% DOPO), the 
addition of 1% MWCNT-APTES in the S5 resin (containing 4% DOPO) leaves a high 
residue of 45.3 wt%. All measured values of char residues are much higher than in 
theory. Hence, it can be concluded that the high fraction of solid residue is not simply 
caused by the additional residue of the additives, but can be attributed to the synergistic 
effects of DOPO and MWCNT-APTES.  

Furthermore, compared to the S3 resin (containing MWCNT), the improved 
charring effect caused by the added MWCNT-APTES indicated that there is a positive 
interaction between the polymer matrix and the MWCNT-APTES, leading to the 
improvement of thermal stability at high temperatures. From all the results above, it 
can be concluded that the introduction of MWCNT-APTES not only enhances the 
decomposition temperature of the S2 resin, but also improves the thermal stability 
during combustion. It is clear that MWCNTs have outstanding thermal conductivity and 
are therefore able to transfer the heat to the surface of the resin [171, 172], which results 
in enhancement of decomposition temperature. Also, MWCNT-APTES dispersed in the 
polymer resin, acts as a physical barrier [173] and can prevent the volatile products 
from escaping out of the resin in the decomposition process. 
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4.2.5 Flame retardant mechanism of MWCNT-APTES/DOPO system 
（1）Morphology of the char layer 
 

 
Figure 4.8 Photographs of the S1, S2, S3, S5 resins 

 

It is known that the char of a polymer plays a key role in preventing the burning 
of a combustible material. Therefore the investigation of char residues from both 
macro- and micro-view is necessary to understand the flame retardant mechanisms. 

Figure 4.8 shows a photograph of the S1, S2, S3, and S5 resins after they were 
maintained at 800°C for 15 min in a tube furnace. The main part of the neat BDM/DBA 
resin is burned up, so the shape of BDM/DBA resin is completely irregular. Although 
the central part of the S2 resin containing 5% DOPO is preserved, the shape of the resin 
is broken. This demonstrates that the carbon produced during the decomposition did 
not form a compact layer, and thus, the polymer resin was not well protected during 
decomposition. In contrast, the char morphologies of S5 with incorporation of 
MWCNT-APTES and DOPO differed from that of both S1 and S2, as it was firm and 
still maintained the basic shape before combustion. Furthermore, compared with S3, the 
shape of S5 was more integrated, which can be attributed to the better dispersion of 
MWCNT-APTES. To further investigate the reason for this phenomenon, the 
microstructure of the carbon layers was investigated. 
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Figure 4.9 SEM micrographs of the residues for (a) S1; (b) S2; (c) and (e) S5; (d) and (f) 

S3 

 

Figure 4.9 presents the micro-morphology of the residues. It can be seen from 
Figure 4.9 (a) that there are many crevasses on the surface of the charred residues from 
the neat BDM/DBA resin, which indicates that the BDM/DBA resin has poor ability to 
form a stable char layer. These crevasses were caused by gas expansion ruptures during 
the burning process; this suggests that the char was not tight enough to block gases and 
protect the polymer matrix. Compared with S1 and S2, the charred layers of S3 and S5 
showed a more solid and more compact structure, indicating that MWCNTs act as 
cementing agents to promote the integrity of the char. Furthermore, it is obvious that 
the residual char of S5 was compact and continuous. No cracks could be found, which 
was due to the better dispersion of MWCNT-APTES in the char. As for S3 (Figure 4.9 
(f)), MWCNT aggregates in the char during combustion. However, MWCNT-APTES 
showed good dispersion in the char of S5 (Figure 4.9 (e)). Therefore, MWCNT-APTES 
plays an important role in promoting the integration of char. 

(2) Effects of the Graphitization Degree of the Chars on the Flammability 
Properties  

The microstructure of chars is a critical factor for flammability properties of 
polymers. Raman spectroscopy has played an important role in the structural 
characterization of the graphitic materials. There are two features in the Raman spectra 
of graphitic materials, which are called G-band appearing at 1582 cm-1 (graphite), and 
the D band at 1350 cm-1 (disordered char). It is pointed out that the ratio of the D and 
G band intensities（R=ID/IG）are inversely proportional to the in-plane crystallite sizes 
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[165], representing the graphitization degree of the chars. Normally, the lower the value 
of R, the better the structure of the resulting char. 

 

 

Figure 4.10 Raman curves of the char residues of S1, S2 and S5 after they were 

maintained at 800 °C for 15min 

 

Table 4.5 R value of the resins in Raman tests 

Samples R 

S1 3.03 

S2 1.87 

S5 1.45 

 
Figure 4.10 shows the Raman spectroscopy diffusion spectra of the char residues 

of S1 S2 and S5 resins after being maintained at 800 °C for 15 min, and the R values of 
all resins are listed in Table 4.5. According to Table 4.5, the incorporation of DOPO 
into BDM/DBA resin decreases the value of R compared to the neat BDM/DBA resin; 
this suggests an increase in the graphitization degree in the residual char. Furthermore, 
the char of the S5 shows the lowest value of R in the three investigated resins. It 
indicates that the incorporation of MWCNT-APTES and DOPO has synergistic effect 
to improve the graphitization degree. This result confirms that the char of S5 has the 
highest graphitization degree. The role of MWCNT-APTES on the enhancement of the 
graphitization degree can be attributed to the interaction between MWCNT-APTES and 
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the matrix. More specifically, the connection between MWCNT-APTES and the matrix 
can make a more intact graphic structure when facing the strong compression in the 
burning process. It should be noted that the char with high graphitization degree are 
compact and efficient in thermal insulation, which can reduce the heat and mass transfer 
between the flame and the matrix. So it can be concluded that the induction of 
MWCNT-APTES results in the enhancement of the thermal stability and fire retardancy 
of the resin. That is why the char yield is increased by adding MWCNT-APTES 
according to TG test. 

4.3 Conclusions 

In this study, APTES has been successfully grafted onto the sidewall of MWCNTs 
to improve the dispersion of MWCNTs in the polymer matrix. The modified MWCNTs 
(MWCNT-APTES) and DOPO were used as reinforcements and flame retardants in the 
BDM/DBA resin. SEM images reveal that the MWCNT-APTES is homogeneously 
dispersed in the resin matrix. The uniform dispersion of MWCNT-APTES and the 
interactions between MWCNT-APTES and the matrix results in the improvement of 
impact strength. Simultaneously, the combination of MWCNT-APTES and DOPO 
induces a fire retardant effect in the BDM/DBA resins. For instance, UL-94 tests 
reached V-0 classification for the S5 resin. Furthermore, the TGA results show that the 
increase of MWCNT-APTES loading has a positive effect on the thermal stability and 
the char yield of the BDM/DBA resins. Raman spectra suggest that the presence of 
MWCNT-APTES enhances the graphitization degree of BDM/DBA during combustion. 
The morphology analysis of residues shows that the surface of charred layers becomes 
more integrated and dense with the addition of MWCNT-APTES. The compact char 
can effectively prevent the exchange of the heat and mass between the underlying 
polymer material and the flame zone. This investigation demonstrates that high 
performance resins with good flame retardant and mechanical properties can be 
developed by adding the combination of MWCNT-APTES and DOPO. 
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Chapter 5 Synthesis of DV-GO, the preparation of flame-

retardant BMI composite and its flame retardant mechanism 

 

Oxidized graphene (GO) is a kind of two-dimensional carbon nanomaterials with 
lamellar structure. Its excellent electrical, chemical and mechanical properties have 
attracted wide attention, especially in the field of composites. In the past, the field of 
flame retardancy research focused on CNTs, clays, MMT and other nano-materials. A 
large number of studies have shown that these nano-filler can reduce the heat release 
rate of the polymer and improve the char residue of material at high temperature. In 
recent years, the application of GO in the field of flame-retardant caused the attention 
of researchers, not only as a one-component flame retardant directly added to the 
polymer material, but also through a series of chemical modification of multi-functional 
flame retardant preparation. For example, Song et al. prepared a series of graphene and 
its derivatives as flame retardants in epoxy resin, polypropylene, polyurethane and other 
materials. They found that when the amount of functional flame retardant FRs-FGO 
reached 20wt%, the thermal release rate and the total heat release rate of polypropylene 
decreased by 66.9% and 24.4%, respectively. However, in the application of GO, one 
should notice that due to the presence of van der Waals forces, GO layers may aggregate 
in the matrix, resulting in a restriction of the flame retardant effect in the polymer. Thus, 
it is necessary to modify the surface of GO. A large number of oxygen-containing 
functional groups exist on the surface layer of GO, which can act as excellent chemical 
reaction points for the functionalization of GO. 

In chapter 2, the flame retardant precursor DOPO-VTES was investigated, and a 
synergistic flame-retardant effect between Si and P was found. The aim of this research 
is to combine the advantages of GO on the one hand side, and the system Si/P on the 
other, thereby creating a multi-effect flame retardant by molecular design. 

GO is obtained by the Hummer method. (3-Isocyanatopropyl)-triethoxysilane was 
grafted to the surface of GO by using dibutyltin dilaurate as catalyst. Then DOPO-
VTES was grafted to the surface of modified GO through a condensation reaction to 
get the final product DV-GO. The flame retardant composites were prepared by adding 
flame retardants to the BDM/DBA resin. The effects of the two-dimensional flame 
retardants on the flame retardancy and thermal stability of the composites were 
investigated.  
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5.1 Experimental 

5.1.1 Materials 
BDM was supplied by Hubei ShuangFei Chemical Co. Ltd, China. DBA was 

purchased from Laiyu Chemical Factory, China. DOPO was obtained from Eutec 
Trading (Shanghai) Co. Ltd, China. Vinyl triethoxy silane (VTES) was bought from 
Nanjing Up Chemical Co. Ltd (China). (3-Isocyanatopropyl)-triethoxysilane and di-n-
butyltindilaurate were purchased from Aladdin Company. Azobisisobutyronitrile 
(AIBN, 99.5%), concentrated sulfuric acid (98%), sodium nitrate, potassium 
permanganate, 30% H2O2 solution, hydrochloric acid and tetrahydrofuran (THF) were 
all purchased from LingFeng Chemical Co. Ltd.  

5.1.2 Equipment and instruments 
Equipment and instruments used for characterization are summarized in Table 5.1. 
 

Table 5.1  

Device Manufacturer Type 

Oven Shanghai Pudong Rongfeng 

Scientific Instrument Co., Ltd 

DZF 6-6020 

FTIR Nicolet Nicolet 6700 

LOI Chengde City Jinjian 

Dectection Equipment Co., Ltd 

XYC-75  

UL-94 Nanjing JiangNing County 

Analytical Instrument Factory  

CZF-3  

TGA NETZCSH Instrument 

Manufacturing Co., Ltd 

NETZCSH STA 409-PC 

Ultrasonic Cleaning Instrument Shanghai Hannuo Instrument 

Co., Ltd 

 

Cone Calorimeter  

XRD     

 FTT device 

 

Raman SPEX, America ASPEX-1043 
SEM Hitachi, Japan S-4800 

TEM JEOL, Japan JEL1011 

 
5.1.3 Synthesis of DV-GO 
DOPO-VTES was prepared by the procedure reported in chapter 2, and GO was 

prepared via Hummers’ method [127]. The schematic process for synthetizing DV-GO 
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is presented in Figure 5.1. 0.5g GO was added in 100 ml THF in a three-necked flask, 
sonicated for 30 min, and then 0.05 g di-n-butyltindilaurate and 0.1 g (3-
isocyanatopropyl)-triethoxysilane were added into the solution with vigorous 
mechanical stirring. The mixture was heated to 60°C and refluxed for 12 hour under 
nitrogen. After that, another THF solution (50 ml) containing 3g DOPO-VTES was 
added with stirring, and then 1 ml ammonia was added into the above solution drop by 
drop. This sol-gel reaction was kept at 60°C for 10 h. After the functionalization process 
was completed, solvent was removed by a rotary evaporator and then the black powders 
were obtained. Moreover, the obtained black powders were washed by ethanol for 
several times to remove the unreacted DOPO. Then the product was dried in vacuum 
at 60°C overnight.  

 
Figure 5.1 Preparation routes of DV-GO 

 

5.1.4 Preparation of composites 
 

Table 5.2 Formulations of resins 

Resin BDM/DBA   

(wt %) 
GO (wt %) DV (wt %) DV-GO 

(wt %) 

R0 100  - - 
R1 99.5  - 0.5 
R2 99  - 1 
R3 97  - 3 
R4 97  3 - 
R5 97 3 - - 

 
According to Table 5.2, appropriate amounts of DV-GO, DV and GO were 
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respectively added into DBA at 125-135°C and then the mixture was sonicated for 30 
min to form a homogenous liquid. After that the pre-weighted BDM was added into the 
beaker at 125-135°C with stirring until a transparent liquid was obtained, and kept at 
that temperature for 15 min to obtain a uniform liquid. After that each prepolymer was 
thoroughly degassed at 135°C and poured into a preheated (135°C) metal mold, 
followed by curing and postcuring following the process of 150°C /2h+180°C 
/2h+200°C /2h and 230°C /4h. Finally, the resultant composites were demolded and 
coded as R0, R1, R2, R3, R4, and R5 respectively. 

5.1.5 Measurements 
Fourier transform infrared (FTIR) spectra were recorded between 400 and 4000 

cm-1 with a resolution of 2 cm-1 on a Nicolet-6700 Infrared Spectrometer (USA). Each 
sample was mixed with KBr powders and pressed into the tablet for test. 

Transmission electron microscope (TEM, JEL1011, JEOL, Japan) was employed 
to observe the structure of GO and GO-DV. Samples were dispersed in distilled water 
under ultrasonication for 30 min, after which they were dripped onto copper grids for 
test. 

 X-ray diffraction (XRD) was carried out at room temperature using a Shimadzu 
XD-5 X-ray diffractometer (40 kV, 30 mA, λ= 0.1542nm) with a copper target and a Ni 
filter. 

Thermogravimetric analysis (TGA) was performed using PerkinElmer Pyris (USA) 
under nitrogen flow of 30 ml/min. Samples of 5 mg were tested in the range from 25 to 

800 °C with a heating rate of 20 °C /min. The calculated residue [ )(thW ] was calculated 

on the basis of the following formula.  

( ) ( ) ( ) ( )
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)(exW  represents the experimental residue of an individual competent and x 

corresponds to the percentage of mass content in the formulation. 
Scanning Electron Microscope (SEM, S-4800, Japan) coupled with energy 

disperse X-ray spectrometer (EDX) was employed to observed the morphologies of the 
charred layers of the samples. 

UL94 tests were performed according to ASTM (D63-77). The dimensions of each 
sample were (125±0.02)*（13±0.02）*（3±0 .02）mm3.  

Limited Oxygen Index (LOI) values were measured on a Stanton Redcraft Flame 
Meter (UK) according to ASTM D2863/77. The dimensions of each sample were 
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(100±0.02) *（6.5±0.02）*（3±0 .02）mm3.  
Flammability of the resins was characterized using a cone calorimeter performed 

in an FTT device (UK) according to ISO 5660 with an incident flux of 35 kW/m2 using 
a cone shape heater. The dimensions of each sample were (100±0.02) *（100±0.02）
*（3±0 .02）mm3. 

Raman spectroscopy measurements were carried out at room temperature with a 
Thermo Fisher Scientific, DXR laser Raman spectrometer with excitation provided in 
back-scattering geometry by a 780 nm argon laser line.  

5.2 Results and Discussion 

5.2.1 Characterization of DV-GO 
Figure 5.2 depicts the FTIR spectra of GO and DV-GO. In the DV-GO spectra, the 

peaks appearing at about 1210 cm-1 and 1596 cm-1 suggest the existence of P=O and P-
Ph respectively, and the peaks at about 2920 cm-1 indicate the asymmetric and 
symmetric vibrations of -CH2- [174]. Furthermore, the strong peaks at 1100 cm-1 were 
due to the Si-O-Si bonds, and the peaks at peaks at around 910 cm-1 are due to the P-
O-Ph bonds. The peak of –NCO at about 2270 cm-1 disappears and the peak at 1710 
cm-1 belongs to C=O bond, which confirm the reaction between –NCO and –OH on the 
surface of GO happens. These results prove that GO has successfully been functioned 
by the Si-P flame retardant.  

 

Figure 5.2 FTIR of GO and DV-GO 

Figure 5.3 shows the XRD patterns of GO and DV-GO. The strong peak in the 
XRD pattern of GO at 2θ  =11.53°, corresponding to an interlayer spacing of 0.77 nm, 
is attributed to the presence of oxygen-containing functional groups which are formed 
during oxidation [174, 175]. In the XRD spectrum of DV-GO the appearance of the 
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peak at 8.05° with an interlayer spacing of 1.07nm is due to the presence of 
functionalized groups on the surface of DV-GO, which results from an increased 
interlayer distance between the sheets. 

 
Figure 5.3 XRD spectra of GO and DV-GO 

In order to investigate the morphology of the flame retardant modified GO, TEM 
images of GO and DV-GO were produced, as shown in Figure 5.4. Pristine GO nano-
sheet, which is shown in Figure 5.4 (a), exhibits a silk-like nanostructure with very thin 
features, while DV-GO nano-sheet shows a rough surface. Furthermore, from Figure 
5.4 (c), it is apparent that small black dots of DV are homogeneously decorated on the 
surface of GO.  

 

 
Figure 5.4 (a) TEM image of GO; (b) digital photo of DV-GO (c) TEM images of DV-

GO  
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  5.2.2 Effect of DV-GO on the flame retardancy of BMI composites 
Normally, the UL-94 is used to evaluate the flammability of plastics. LOI 

represents the lowest oxygen volume content that may support combustion (at ambient 
temperature). The results LOI and UL94 tests are given in Table 5.3 for all resins 
investigated. 

BDM/DBA resin is a polymeric material with a LOI of 25.3%, and it burns easily 
in the UL-94 test. But when 3 wt% of DV-GO is added to the BDM/DBA matrix, resin 
R3 has the highest LOI value, 32.8%, and reaches a V-0 ranking. Furthermore, with 
increasing DV-GO content, t1 and t2 in UL-94 test decrease gradually. However, when 
the same amount of DV-GO is replaced by DV in resin R4, the LOI value suddenly 
drops to 27.6% and R4 only reaches V-1 ranking. On the other hand, when 3 wt% of 
GO is added to the matrix, the flame retardancy is not improved. Obviously, the results 
from the flammability tests show that DV-GO has a better flame retardant effect than 
DV and GO in the BDM/DBA resin, which probably due to the fact that GO leads to a 
barrier effect and DV can promote char forming in combustion [176,177].  

Besides the LOI and UL-94 tests, the combustion behavior of the composites was 
tested by cone calorimeter, which is one of the most useful methods to evaluate the 
flame retardancy of materials [151]. HRR and THR vs. time curves for resins R0 and 
R3 are presented in Figure 5.5. The detailed data are shown in Table 5.4. The neat 
BDM/DBA easily burns in the test, with a pHRR value of 360 kW m-2. Inducing DV-GO 
to the BDM/DBA resin decreases the value of PHRR and AvHRR. The pHRR value and the 
AvHRR value of resin R3 are decreased by around 29% and 14%, respectively, from those 
of resin R0 by adding only 3 wt% of DV-GO, which indicates a better fire safety. 
Evidently, DV-GO has an effect on reducing the gas release rate, resulting in a reduced 
pHRR. This result is also confirmed by TGA test. It is seen in Figure 5.5(b) that the trend 
of the THR value of resins is similar to that of the pHRR. When adding 3 wt% DV-GO, 
the THR value of resin R3 is decreased to 69 MJ m-2, a 8% reduction compared to the 
neat BDM/DBA resin. The main reason for these phenomena can be explained by the 
condensed phase mechanism: (1) Phosphorous and silicon elements in the DV can 
improve the char formation which reduces the release of volatile pyrolysis products. (2) 
The existence of GO in the char leads to a barrier effect during burning, which can 
block the penetration of heat and the escape of gas products from the degrading polymer 
matrix. In brief, the combination of GO and DV is beneficial for forming a high quality 
char layer, which can protect the polymer matrix from burning. Furthermore, the TTI 
of resin R0 is 97s, however with 3 wt% DV-GO, the TTI of resin R3 is slightly decreased 
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to 89s. The low TTI values of resin R3 suggests that it is easier to ignite than the neat 
BDM/DBA resin, which can be explained by the fact that the increased heat absorption 
within the surface layer of carbon nanoparticles-containing materials causes early 
ignition [148].  

 
Table 5.3 Results of LOI and UL-94 tests of the investigated formulations 

Sample     LOI/% Ranking Dripping t1/t2(s)a 

R0 25.3±0.5 V-1 No b /No 5.0/13.4 
R1 27.1±0.5 V-1 No/No 4.2/12.7 
R2 28.9±0.5 V-0 No/No 3.2/5.6 
R3 

R4 
32.8±0.5 
27.6±0.5 

V-0 
V-1 

No/No 
No/No 

2.7/2.8 
3.9/11.8 

R5 26.4±0.5 V-1 No/No 5.2/11.7 
a t1 and t2, average combustion times after the first and second applications of the flame. 
b No/yes corresponds to the first/second flame application.  

 

 
Figure 5.5 HRR and THR vs. time curves of R0 and R3 

 

Table 5.4 Combustion parameters obtained from cone calorimeter 

   Sample AvHRR 

(kW m-2) 

pHRR  

(kW m-2) 

THR 

(MJ m-2) 

TTI  

(s) 

R0 

R3 

94±8 

81±6 

360±30 

257±16 

75±3 

69±3 

97±2 

89±1 

AvHRR: average heat release rate;   tp: time to pHRR;   pHRR: peak heat release rate;   

TTI: time to ignition. 
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5.2.3 Effect of DV-GO on the thermal stability of BMI composites 
Thermal stability of all the samples was investigated by TGA under nitrogen 

atmosphere. The initial degradation temperature Tdi, which is defined as the temperature 
at 5 wt% mass loss, the maximum degradation rate temperature Tmax, and the fraction 
of the solid residue Yc at 800°C were obtained from the TGA curves. All these data are 
presented in Table 5.5. 

As shown in Figure 5.6, the Tdi of GO is at about 78.5°C, and the char residue is 
37.62%. When DV is used to modify the GO, the Tdi of DV-GO increases to 85.7°C and 
the increase of Yc reaches almost 10%. Moreover, for DV-GO, the main degradation 
happens at 350-500°C, which is attributed to the pyrolysis of DV. The 
thermogravimetric curve of DV-GO also proves that DV has successfully modified the 
surface of GO, which is corresponding with the result of the FTIR test from the side. 

Figure 5.7 depicts the experimental TGA and DTG results of all the flame retardant 
samples under nitrogen atmosphere. The thermal degradation process of all the samples 
has one stage as in the case of BDM/DBA. The initial degradation of resin R0 begins at 
433.5°C with the highest mass loss rate at 471.8°C. It can be seen that the addition of 
3 wt% DV significantly decreases the Tdi and Tmax of resin R4 by 13.4K and 18.4K 
respectively, in comparison with that of R0. However, the TGA data show that the Yc of 
resin R4 at 800°C is about 31.7 %, 6 % higher than the neat BDM/DBA resin. These 
phenomena are attributed to the synergistic effect of phosphorous and silicon, which 
means that phosphorous accelerates the formation of char, while silicon keeps the char 
from thermal degradation [178]. However, as for the nanocomposite R3, the same 
loadings of DV-GO results in a 9.5K increase in Tdi and 3.8°C increase in Tmax, 
respectively. Thus resin R3 exhibits a more effective improvement in Yc (less polymer 
pyrolyzed) from 31.7 wt% to 34.9 wt%, which is higher than the calculated value, 
demonstrating that the addition of DV-GO can strengthen the formation of a condensed 
phase. Furthermore, as presented in Figure 5.7(b), among all the investigated resins, the 
mass loss rate of resin R3 is the lowest, which is attributed to the physical barrier effect 
of GO and the catalytic charring effect of phosphate. The lower the release of pyrolysis 
products of flame retardant resins, the better is the thermal stability of composites. 
Consequently, it is concluded that such amazing improvements with a quite low loading 
of DV-GO can be attributed to the following reasons: (1) The introduction of GO can 
form a continuous, char layer, which acts as a thermal insulator and a mass transport 
barrier. (2) The DOPO groups in DV act similarly as aromatic phosphates, which 
enhances flame retardancy through flame inhibition in the gas phase and char formation 
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in the condensed phase. (3) Elementary Silicon in DV tends to form a silicon dioxide 
layer to protect the resin during burning. 

 
Figure 5.6 TGA curves for GO, DV-GO and DV 

 
Figure 5.7 TGA (a) and DTG (b) curves for all samples, measured at nitrogen 

atmosphere  

 

Table 5.5 TGA Data in Nitrogen of the Samples 

Samples 

 

Tdi (℃) Tmax (℃) Char yield 

 (wt%) 

Calculated char yield 

(wt%) 
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GO 78.5 - 37.62 - 

DV-GO 85.7 - 47.7 - 

DV 108.6 - 25.7 - 

R0 433.5 471.8 25.7 - 

R3 429.6 456.9 34.9 26.0 

R4 420.1 453.1 31.7 25.7 

 
5.2.4 Effect of DV-GO on the thermal degradation behavior of BMI composites 
 

 
Figure 5.8 FTIR spectra of Resin R3 degraded at different temperatures for 15 min  

 
In order to further explore the influence of DV-GO on the thermal degradation 

process of BDM/DBA resins, the real-time FTIR spectrum of resin R3 was tested. Figure 
5.8 shows the infrared spectrum of resin R3 at different temperatures. As discussed in 
the former chapters, the main organic structure of pure BDM/DBA is almost completely 
degraded to gaseous products at the high temperatures. However, as shown in Figure 
5.8, the peaks at 2920, 2856 and 1600 cm-1 belong to the characteristic peaks of the 
acylidene rings in DBA. As the temperature increases, the intensities of these three 
peaks gradually decrease, but it was found that the structure of BDM/DBA was 
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protected during thermal degradation and did not completely vaporize. In the real-time 
infrared spectrum of resin R3, the characteristic peak at 1100 cm-1 represents the Si-O-
Si structure and the characteristic peak at 1308 cm-1 represents P = O, and the peak at 
803 cm-1 represents P-O. The results show that the Si-P flame retardant part of DV-GO 
plays a condensed phase flame-retardant role in the combustion process, forming a 
high-quality carbon layer structure containing silica and polyphosphoric acid. The 
substrate acts as a protective layer. 

5.2.5 Effect of DV-GO on the char residues of BMI composites 
(1) Morphology of the char layer 
 

 
Figure 5.9 Digital photo of chars of R0 and R3 after the cone calorimetry test 

 

In order to explain how the formation of chars affects the combustion behavior of 
DV-GO resins, the morphology and the structure of the chars after the cone calorimetry 
were investigated with digital camera and SEM. 

As shown in Figure 5.9, the neat BDM/DBA resin is easy to burn and only some 
char residue can be observed at the end of the test. However, the char residue of resin 
R3 is totally different from that of resin R0. The addition of DV-GO enhances the char 
yield, at the same time the char residue expanded largely, leading to the formation of 
the compact and dense char layers. This is attributed to the DOPO in DV which can 
catalytic charring and the silicone in DV which can strengthen the char layer [178]. In 
addition, DV-GO flame retardant itself can act as char layers to show barrier effect in 
the burning. 
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Figure 5.10 SEM micrographs of the residues for (a) R0; (b) R4; (c) R3 

 

Figure 5.10 presents the micro-morphology of the resins of R0, R3, and R4, 
respectively. The charred residues from the resin R0 show a structure with many cracks, 
indicating that R0 does not form a stable char layer. Compared with the surface of R0, 
some swollen chars consisting of holes and loosen carbonaceous material can be seen 
clearly in the residue of resin R4. From this phenomenon, one can conclude that the 
flame retardant effect of DV is not good enough to protect the polymer matrix inside 
the resin. However, the char residue of resin R3 is more compact and dense and filled 
with graphene nanosheets and carbonaceous particles, are seen clearly in Figure 5.10 
(c). The dense char layer can lower effectively transfer of heat and volatiles and 
provides a better flame shield for the underlying material during combustion. This 
shows the combined effects of DV and GO during char formation. 

(2) EDX analysis of the char residue 
The char products from resins R4 and R3 were investigated by EDX analysis. 

Figure 5.11 presents the EDX mapping pictures of the residues. The concentrations of 
C, O, N, Si and P in the chars are listed in Table 5.6. Normally, the char content 
represents the degree of char accumulation: high carbon content means many carbon 
atoms per unit area in the char layer, representing the high quality of the char residue 
[179]. The atom percent of elementary C in the char of resin R3 is 1.12 times that of 
resin R4. Furthermore, the content of P increases slightly and O decreases during 
combustion, indicating that the majority of phosphate remains in the condensed phase. 
One can conclude that the char strength of resin R3 is higher than that of resin R4, the 
main reason of which is the combination effect of GO and DV during burning. Thus 
DV-GO can provide a higher resistance during pyrolysis and burning, which is in good 
agreement with the results of TGA test. 
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Figure 5.11 EDX mapping pictures of the residues for (a) R4 and (b) R3 

 

Table 5.6 Element Compositions of the Residues for R4 and R3 

Samples Element concentration (wt.%) 

C O N Si P 

R4 56.7±7.0 29.9±4.0 8.3±2.0 3.8±0.2 1.3±0.1 

R3 63.4±7.0 22.5±3.0 7.9±2.0 4.7±0.2 1.5±0.1 

 
(3) Raman spectra for the char residue  
Raman spectroscopy has played a powerful role for characterizing the graphitic 

materials. The structure of the char residues can give useful information about the flame 
retardants mechanism. The degree of graphitization of the char residue can be valued 
by the ratio of D (1352 cm-1) and G (1596 cm-1) bands intensities (R=ID/IG) and the 
lower the R, the higher graphitization degree of the residue. Figure 5.12 gives the 
Raman spectroscopy diffusion spectra of the char residues of resins R0, R3 and R4 after 
the combustion in cone calorimeter test, and the R values of all resins are listed in Table 
5.7.  

According to Table 5.7, the incorporation of DV into BDM/DBA resin decreases 
the value of R compared to the neat BDM/DBA resin; this suggests an increase of 
graphitization degree in the residual char. Furthermore, the char of resin R3 shows the 
lowest value of R for the three investigated resins. It indicates that DV-GO as a micro-
char is the main contributor for the formation of graphitized carbons. This result 
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confirms that the char of resin R5 has the highest graphitization degree. Generally, more 
graphitized carbons imply enhanced thermal stability of the char structure. The char 
layer with high thermal stability acts as a barrier to mass and heat transfer between the 
gas phase and the condensed phase, preventing the escape of organic volatiles, 
decreasing the heat release rate during combustion. 

 
Figure 5.12 Raman curves of the char residues of R0, R4 and R3 after they were 

maintained at 800 °C for 15 min 

 

Table 5.7 R value of the resins in Raman tests 

Samples R 

R0 3.03 

R4 1.94 

R3 1.27 

5.3 Conclusions 

In this study, GO was modified with DOPO containing flame retardant through the 
so-gel process. BDM/DBA composites with excellent flame retardant effect were 
obtained by adding DV-GO. With the incorporation of 3 wt% DV-GO into the 
BDM/DBA matrix, the char yield at 800°C was improved by 9.2 wt% and the maximum 
mass loss rate under nitrogen was decreased. The addition of DV-GO induced a fire 
retardant effect in BDM/DBA, which reaches a V-0 classification in the UL-94 test; as 
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well as a decrease of pHRR and THR values in cone calorimeter tests. Moreover, the 
SEM-EDX analysis of the residue showed that the introduction of DV-GO can 
effectively promote the formation of high quality char to prevent the polymer matrix 
from burning. This investigation demonstrated that high performance resins with good 
flame retardancy can be developed by adding DV-GO. 
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Chapter 6 Conclusions 

In this thesis, following the latest research progress of phosphorus-based and 
silicon-based flame retardants, three kinds of Si-P flame retardants were developed by 
molecular design, using DOPO as flame retardant. A BDM/DBA resin was chosen as 
polymer matrix. The main objective of this work was to improve the flame retardant 
properties of BDM/DBA through adding different flame retardants to the polymer 
matrix. Four different flame retardant systems, namely DV-APTES, DOPO-POSS, 
DOPO/MWCNT-APTES, and DV-GO were synthesized and used to produce 
BDM/DBA composites. The influence of the four flame retardant systems on the 
thermal degradation behavior and combustion behavior and thermal stability of the 
composites was investigated. The mechanisms of flame retardation were elucidated by 
analyzing the char residue at high temperature.   

1. Synthesis of DV-APTES and preparation of flame retardant BMI 
composites  

 DOPO-VTES was obtained through the reaction of DOPO and VTES in the 
presence of AIBN which acted as initiator. After that, the organic-inorganic particles 
DV-APTES were synthesized through a sol-gel method, the aim of which was to 
combine phosphorus and silicon elements in one molecular structure. 

 Flame retardant composites were prepared by adding the phosphorus-silicon 
hybrid organic-inorganic flame retardant DV-APTES to the BDM/DBA resin. The 
flame retardant properties and flame retardant mechanisms of the composites were also 
studied. The results of TG-FTIR showed that the flame retardant effect of DV-APTES 
mainly occurred in the condensed phase.  

2. Synthesis of DOPO-POSS and preparation of flame retardant BMI 
composites 

Based on the previous investigation of DOPO-VTES, DOPO-containing 
silsesquioxane (DOPO-POSS) was synthesized through controlling the hydrolysis 
conditions of DOPO-VTES. Compared with DV-APTES, DOPO-POSS has a special 
oligomeric cage structure, which is a cage-type three-dimensional structure. 

The results show that DOPO-POSS improves the flame retardancy and thermal 
stability of the composites, and the flame retardancy of the composites increases with 
the addition of DOPO-POSS. In addition, the infrared spectrum of the material at 
different temperatures shows that the presence of DOPO-POSS has a protective effect 
on the material matrix during the combustion process. The original main structure of 
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the polymer matrix can still be found in the char residue of composites. At the same 
time, DOPO-POSS can produce polymers containing Si-O-Si and P-O-C structure 
during oxidative degradation, improving the flame retardancy of materials. 

3. Carbon nanotubes used as synergist in DOPO containing BMI composites 
The addition of 1wt% unmodified MWCNTs to the BDM/DBA/DOPO system 

resulted in a 1.5% increase in the limiting oxygen index and a V-1 level in the UL-94 
test. When MWCNT-APTES was added to the BDM/DBA/DOPO system, the limiting 
oxygen index reached 29.7%, and the flame retardancy reaches the V-0 level. When the 
composition is BDM/DBA: DOPO: MWCNT-APTES = 95: 4: 1, optimal flame 
retardancy and thermal stability is found. 

The flame retardant mechanisms of DOPO/MWCNT-APTES system are proposed 
as follows: On the one hand side, DOPO acts as a phosphorus-based flame retardant, 
which can promote the formation of carbon. On the other hand, MWCNT-APTES can 
form a network structure during the combustion process, improving the compactness 
and integrity of the carbon layer, isolating the heat more effectively and delaying the 
degradation of the polymer matrix. The presence of MWCNT-APTES can improve the 
graphitization degree of the residual carbon in the polymer matrix and improve the 
quality of residual carbon. 

In addition, the unnotched impact strength of the BDM/DBA/DOPO system was 
improved by 20% when the proper amount of MWCNT-APTES was used to improve 
the mechanical properties of the system. Scanning electron microscopy (SEM) analysis 
of the impact cross section of the composites revealed that MWCNT-APTES 
completely changed the fracture behavior of the polymer matrix from brittle fracture to 
ductile fracture. 

4. Synthesis of DV-GO, preparation of flame-retardant BMI composite 
DOPO-VTES was used to modify the two-dimensional carbon nano materials GO 

to get a one-component high-performance flame retardant: DV-GO. 
The results of transmission electron microscopy (TEM) show that the DOPO-

VTES particles are evenly dispersed on the graphene oxide layer. LOI and UL-94 show 
that BDM/DBA/DV-VTES has better flame retardant properties than BDM/DBA/GO 
and BDM/DBA/DOPO-VTES, and GO and DOPO-VTES show a synergistic flame 
retardant effect. The addition of DV-APTES leads to a decrease in pHRR and THR of the 
material, which indicates that the flame resistance of the material is improved in the 
cone calorimeter test. In addition, Raman results show that DV-GO improves the degree 
of graphitization of carbon residue during combustion, which contributes to the 
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formation of a dense and high-quality carbon layer structure. 
 

Future work: 
1. In this thesis, the author focused on the combustion behavior, thermal stability 

and flame retardant mechanism of several different flame-retardant systems. The effect 
of different flame retardants on the curing kinetics of bismaleimide resin was not 
addressed. The study of curing reaction parameters should be carried out in the future.  

2. A deeper investigation on the reaction mechanism of flame retardants at high 
temperatures through Pyrolysis Chromatography - Mass Spectrometry (DP-MS) should 
be carried out. 

3. Other novel flame retardants containing GO, Si, P and N may be designed and 
synthesized to improve its flame retardant efficiency of BMI composites.  
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