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Abstract This article mainly studies smoke suppression

properties and synergistic flame-retardant effects of fer-

rocene (Fe(C5H5)2) on intumescent flame-retardant epoxy

resins (IFREP) using ammonium polyphosphate and pen-

taerythritol as intumescent flame retardants. The smoke

suppression properties and flame retardancy of ferrocene

on IFREP compositions were investigated by cone

calorimeter test (CCT), scanning electron microscopy

(SEM), thermogravimetric analysis-infrared spectrometry

(TG-IR). Remarkably, CCT data revealed that the addition

of ferrocene into IFREP compositions can significantly

reduce heat release rate, total heat release, smoke produc-

tion rate, and total smoke release. On the other hand, the

SEM results showed that ferrocene can greatly improve the

structure of char residue. The TG data indicated that fer-

rocene had different effects on the process of thermal

degradation of the IFREP compositions. Moreover, the

volatilized products formed on thermal degradation of

IFREP compositions demonstrated that the volatilized

products were H2O, CO2, CO, carboxylic acid, and ali-

phatic hydrocarbons according to the temperature of onset

formation. Here, ferrocene is considered to be an effective

smoke suppression agent and a good synergism with IFR in

flame-retardant epoxy resins, which can greatly enhance

the char residue.
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Introduction

It is very well established now that the real killer in fires is,

in most cases, the inhalation of smoke and toxic gases

rather than thermal injury [1, 2]. The visibility impairing

and narcotic irritating effect due to the evolution of smoke,

toxic gases and irritant compounds can prevent a substan-

tial number of fire victims from perceiving their possibil-

ities of escape and hinder firemen trying to rescue them

[3–7]. The smoke, smoke particulates, and some toxic

compounds (chiefly carbon monoxide, CO and possibly

other gases such as hydrogen cyanide, HCN) produced

during the course of a real fire are known to cause mor-

bidity and mortality in fire victims [8, 9]. In addition, the

high temperature smoke containing a lot of heat can

accelerate the spread of fire and lead to thermal damage

[10]. As a result, reducing emissions of smoke and poi-

sonous gases during a fire is very essential for preventing

the loss of life.

Epoxy resin (EP) is a very important thermosetting material

owing to its excellent mechanical and chemical properties. As a

high performance material, EP is extensively used in many

fields, such as adhesive, coating, laminating capsulation, elec-

tronic/electrical insulation, and composite applications [11–

16]. Nevertheless, flammability is the major drawback of EP,

restricting its potential applications. In addition, EP generates

amounts of smoke and poisonous gas during combustion,

causing damage to healthy people. Therefore, many strategies

have been used to simultaneously inhibit flammability and the

smoke release of polymeric materials during combustion [17–

23]. In past decades, halogenated compounds which showed

effective flame-retardant properties were commonly used as

co-monomers or additive with epoxy resins to obtain fire-re-

tardant materials. Unfortunately, research into the safety of

flame retardants revealed some negative assessments of
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halogen-containing flame retardants, such as the generation of

corrosive, obscuring and toxic smoke [24–26]. In recent years,

intumescent flame-retardant (IFR) additives have been widely

utilized in the flame retardation of flammable polymers due to

their excellent advantages of low toxicity, low smoke and low

corrosion during combustion [27]. However, the sole utilization

of IFR usually requires high content to achieve a good flame-

retardant rating. A small amount of coadditives can signifi-

cantly improve the thermal stability and flame-retardant prop-

erties, implying that they can enhance the efficiency of IFR.

Various compounds have been used as coadditives, including

iron compounds, lanthanum oxide, and fumed silica [28–31].

Thus, development of novel synergistic agents with IFR sys-

tems for high efficient flame-retardant EP can further explore

the epoxy resins applications.

Recently, ferrocene has received considerable attention

as an effective smoke suppressant and flame retardant

[32, 33]. Extensive investigations have been carried out

aiming at the effects of ferrocene on the flame retardancy

and smoke suppression of polyvinyl chloride (PVC)

[34–37]. Ferrocene is effective in the absence of halogen.

And, the mechanism of smoke suppression has generally

been attributed to the formation of iron (III) chloride,

which acts as a Lewis acid and promotes char formation. In

addition, char oxidation to oxides of carbon is also cat-

alyzed [38, 39]. As far as we know, little work has been

reported regarding the synergistic effects between fer-

rocene and IFR on the achievement of smoke suppression

and flame-retardant properties in epoxy resins.

The purpose of the present work is to investigate the syn-

ergistic smoke suppression properties and flame-retardant

effects between ferrocene and IFR in flame-retardant epoxy

resins. The synergistic smoke suppression properties and

flame-retardant effects were systematically investigated by

cone calorimeter test (CCT), thermogravimetric analysis-in-

frared spectrometry (TG-IR). The scanning electron micro-

scopy (SEM) analysis was used to further analyze how the

structure of char determines smoke suppression properties of

IFREP.

Experimental

Materials

Epoxy resin (bisphenol A epoxy acrylate resin), used as

film-forming material was purchased from the Stanley

Technology Co. Ltd., Shijiazhuang, China; methyltetrahy-

drophthalic anhydride (MTHPA; 98 % pure) curing agent

was from Sitanlei Co. Ltd., Shijiazhuang, China; ammo-

nium polyphosphate (APP) with particle size of 2500 mesh

was purchased from new thin Metal and Chemical Co.,

Ltd., Guangzhou, China; pentaerythritol (PER) with

particle size of 2500 mesh was purchased from new thin

Metal and Chemical Co., Ltd., Guangzhou, China; IFR was

obtained with the mass ratio of APP and PER is 3:1; fer-

rocene (particle size of 800 mesh) was purchased from the

Zhicheng Trade Co., Ltd., Qingdao, China.

Preparation of samples

EP was mixed with ferrocene at room temperature using a

high-speed disperser for 1.0 h to yield the blend. Then, IFR

was added into the blend and stirred for 1.0 h. At last,

MTHPA was added and stirred for 1.0 h. And the listing

order is given in Table 1. The mixture was cured under

80 �C for 8.0 h, and 150 �C for 3.0 h to obtain flame-re-

tardant epoxy composites.

Measurements

Cone calorimeter

The cone calorimeter (Stanton Redcroft, UK) tests were

performed according to ISO 5660 standard procedures.

Each specimen of dimensions 100 9 100 9 3 mm3 was

wrapped in aluminum foil and exposed horizontally to an

external heat flux of 50 kW m-2.

Scanning electron microscope (SEM)

Scanning electron microscope (SEM, JSM-6700F) was

used to examine the structures of char residues after CCT.

The samples were coated with a thin layer of gold by

sputtering before the SEM imaging. An accelerating volt-

age of 5 kV was applied.

Thermogravimetric analysis/infrared spectrometry (TG-IR)

Thermogravimetric analysis/infrared spectrometry (TG-IR)

of the sample was performed using a DT-50 (Setaram, France)

instrument that was interfaced to a FTIR (TENSOR27, Bruker

Co. Germany) spectrometer. About 10.0 mg of sample was

put in an alumina crucible and heated from ambient temper-

ature to 750 �C. The heating rates were set as 20 K min-1

(nitrogen atmosphere, flow rate of 20 mL min-1).

Results and discussion

Cone calorimeter test

Heat release rate

Cone calorimeter test is one of the most effective bench-

scale methods for comparing and evaluating the
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flammability characteristics of polymer materials and

provides a wealth of information from its simulation of real

world fire conditions. Heat release rate (HRR), especially

peak heat release rate (PHRR) is one of the most important

parameters for predictors of fire hazards, which in turn

determines other parameters. The measured HRR curves of

all flame-retardant epoxy samples at 50 kW m-2 are

shown in Fig. 1 for comparison. It can be found from

Fig. 1 that the ignition time of EP-0 is 70 s. And, EP-0

burns faster after ignition, and a sharp PHRR appears with

a PHRR value of 914 kW m-2. EP-0 has a single peak,

implying that the sample gradually burns, whereas samples

with IFR all have multi-peak phenomena. The first peak of

HRR appears before the intumescent residual chars take

place, and the insulating char layer formed on the surface

of the samples can protect the composites from both the

mass and the heat transfer; thus, the HRR values decrease.

The peak HRR values take place again due to the fact that

the increasing temperature destroys the partial charred

material on the unexposed surface [40]. In the case of EP-1

with only IFR, the ignition time decrease from 70 to 65 s in

comparison with that of EP-0. The first PHRR value of

EP-1 is 149 kW m-2, and the second PHRR value is

282 kW m-2 which is much lower than that of EP-0. This

can be explained by the fact that APP can release ammonia

at the beginning of heating. Meanwhile, polyphosphoric

acid formed by the elimination of ammonia from APP can

react with hydroxyl bonds of PER to produce phosphoric

ester, which thermally decomposes at higher temperatures

with the formation of three-dimensional network struc-

tures. Furthermore, the C–H bonds for EP can be dehy-

drogenated and oxidized with formation of C–O–OH

groups on the backbone. Incorporation of IFR results in a

complicated network through cross-linking reactions

between IFR and EP. This charred layer acting as a barrier

prevents the heat transfer between the flame zone and the

substrate, thus reduces the HRR and related parameters

[41, 42]. In the case of the samples with both IFR and

ferrocene, the addition of ferrocene further decreases the

PHRR value as compared to that of EP-1. The first PHRR

values are greatly reduced to 155, 140, 133, and

154 kW m-2, respectively. And, the second PHRR values

are 158, 157, 149, and 173 kW m-2, respectively. When

2 mass% ferrocene was added to IFREP, the PHRR value

for EP-4 decreases greatly and is the lowest among all the

samples. It can be seen from Fig. 1 that the HRR curves of

the cured epoxy samples with both IFR and ferrocene form

a typical flat shape with a plateau between 100 and 550 s.

The dramatically decrease in PHRR of the samples with the

addition of ferrocene can be interpreted that ferrocene

begins to decompose when the temperature reaches

decomposition levels, and its decomposition can be

described by a five-step reaction process. In this reaction

zone, FeC5H5 can be formed by the ferrocene reduction

reaction involving H and O, which eventually brings about

the formation of the iron atom. Meanwhile, iron atom may

enter into the catalytic cycle for H and OH recombination,

which can consume radicals in the combustion chain

reaction and suppresses explosion flame propagation [33].

During combustion progress, iron atom can also facilitate

the release of ammonia from APP, and form Fen? because

of multiple valency of Fe. And, APP can react with Fen?

which takes as bridges, and the formation would increase

the molecular weight and lead to a stabilization of the APP,

which will increase the viscosity of the melt and the dif-

ficulty of extracting small molecules as volatiles during
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Fig. 1 Heat release rates of EP composites at a flux of 50 kW m-2

Table 1 The formulations of flame-retardant epoxy composites

Sample code Epoxy/mass% MTHPA/mass% IFR/mass% Ferrocene/mass%

EP-0 55.6 44.4 – –

EP-1 39.0 31.0 30.0 –

EP-2 39.0 31.0 29.5 0.5

EP-3 39.0 31.0 29.0 1.0

EP-4 39.0 31.0 28.0 2.0

EP-5 39.0 31.0 27.0 3.0
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burning and pyrolysis [43]. Moreover, ammonia and other

volatilizes can make the mixture of the carbonaceous

residue swell leading to the formation of the intumescent

char residue. It should be pointed out that the ignition times

of the samples from EP-2 to EP-5 shorten to 48, 44, 46,

45 s, respectively. The reason why the ignition time

decreases is that the samples with different additives show

different thermal response behaviors in the CCT, and they

may expand before ignition in the CCT, leading to the

distance between the surface of cone small and the sample.

This means that the expansion process is not uniform. At

the same time, the increasing radiation heat flux will

accelerate EP decomposing, causing short ignition time

[44]. The above results indicate that the addition of fer-

rocene can remarkably improve the flame-retardant prop-

erties of IFREP. The scheme of the combustion mechanism

for IFREP system with ferrocene is shown in Scheme 1.

Mass loss

Figure 2 shows mass loss as a function of combustion time

for EP composites. The mass loss behavior is related to the

behavior of heat release and smoke suppression, and the

decrease in mass loss maybe ascribe to the char residue and

its morphological structure on the surface of the compos-

ites [45, 46]. It is observed that there is no residue left for

EP-0 when the combustion process is completed, but the

char yield of EP-1 is increased to 33 mass% at approxi-

mately 425 s. EP-1 shows significantly lower mass loss,

which indicates that the addition of IFR can catalyze the

formation of a protective rigid layer to prevent both the

mass and the heat transfer. However, this layer is not

compact enough and breaks quickly, bringing about large

mass loss later. It should be pointed out that the average

mass loss rate of the samples from EP-1 to EP-5 is larger

than that of EP-0 between 40 and 90 s. This phenomenon is

attributed to the low decomposition temperature of APP,

and this early decomposition of the IFR system is advan-

tageous in increasing the fire-proofing properties of the

material [47, 48]. In addition, the mass loss rate of the

samples with both IFR and ferrocene is much lower than

that of EP-0 after approximately 80 s. At the end of

burning, the char residue mass of the samples from EP-2 to

EP-5 is 46, 42, 47, and 44 mass%, which are much higher

than that of EP-1. When the loading of ferrocene increases

to 2 mass%, EP-4 shows the highest char residue among all

flame-retardant samples. This fact indicates that ferrocene

can catalyze ammonia and polyphosphoric acid elimina-

tion, cross-linking, and decomposition reactions between

EP and IFR, and plays an important role in the hindered

diffusion of volatile decomposition products due to the

barrier effect of the compact char residue. And, this
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compact char residue formed on the surface of the sample

can effectively improve its fire safety. It can be concluded

that the improved flammability properties of these samples

are mainly due to difference in condensed-phase decom-

position processes and not to a gas-phase effect.

Total heat release

Figure 3 displays the curves of total heat release (THR) for

EP samples. THR is another important parameter for the

flame-retarded materials, which correlates well with car-

bonaceous charring, flame inhibition-mainly reducing

combustion efficiency in the flame, and fuel dilution-in-

cluding the replacement of polymer in the condensed phase

[36]. In particular, the gradient of THR curve can be

assumed as representative of fire spread [49]. From Fig. 3,

EP-0 has released a total heat of 124.2 mJ m-2, while EP-1

just releases 64.2 mJ m-2, indicating flame spread speed

slows down. In the case of the samples containing both IFR

and ferrocene, the flame spread speed further decreases. It

suggests that during the burning process ferrocene could

serve to generate beneficial intumescent char layers on the

surface of the matrix, which acts as a thermal insulation

layer to inhibit polymer pyrolysis and prevent the evolution

of combustible gases to feed the flame and also separate

oxygen from burning materials. When 2 mass% ferrocene

is added to IFREP system, the THR value for EP-4

decreases from 64.2 to 46.2 mJ m-2, indicating its char

layer structure is compact enough to restrict flame spread.

Total smoke release

The total smoke release (TSR) values of EP composites are

illustrated in Fig. 4. It can be found that when IFR is used,

the TSR values of the samples from EP-1 to EP-5 are

higher than that of EP-0 at the beginning of heating, due to

the low decomposition temperature of APP. And, the dis-

tinction between EP-0 and the flame-retardant samples is

apparent after 150 s. The TSR values of all samples are

3928, 2412, 671, 843, 743, and 660 m2 m-2, respectively.

Clearly, the incorporation of ferrocene could significantly

decrease the TSR values at the end of burning. There are

two basic smoke suppression mechanisms of ferrocene in

burning composites. First, ferrocene can increase the vis-

cosity of the melt and the stability of the char layer by

acting with APP during the process of pyrolysis and

combustion. This stable char residue can act as a protective

barrier, and effectively restrict the transfer of mass and heat

between gas and condensed phases [42]. Secondly, Fen?

ions provided by ferrocene behave as an ideal radical

scavenger and consequently can be used to restrain the

attack of the free radicals [50]. And, they are especially

effective in chemically removing certain volatile fuels

which are responsible for promoting the burning of the

specimens and the formation of smoke particulates [51].
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Fig. 2 Mass loss curves of EP composites at a flux of 50 kW m-2
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Smoke production rate

Smoke in a real fire means more risk of suffocation, and

thus smoke performance of flame-retardant material is

regarded as an important parameter used to evaluate fire

hazard. The smoke production rate (SPR) curves of EP

composites are presented in Fig. 5. The peak SPR value of

EP-0 is 0.294 m2 s-1 at 170 s, whereas the peak SPR value

of EP-1 is 0.103 m2 s-1 at 152 s, indicating the addition of

IFR can decrease the SPR of the composite. And, the time

to peak SPR of EP-1 is much shorter than that of EP-0.

This is the reason that at the initial stage of heating, the

increasing surface temperature would bring about rapid

decomposition of APP and formation of smoke particles on

the surface of EP-1. It is clear that ferrocene can slow the

SPR, and hence, the peak SPR values of samples con-

taining both IFR and ferrocene decrease from 0.103 m2 s-1

of EP-1 to 0.063, 0.075, 0.057, and 0.047 m2 s-1, respec-

tively. It is found that the curves of the samples with IFR

and ferrocene have the homologous phenomenon with the

HRR curves in the CCT. Moreover, it should be pointed

out that the time to the peak SPR value of samples from

EP-2 to EP-5 are 50, 47, 50, and 51 s, respectively. The

significant decrease in peak SPR value by ferrocene can be

explained as follows: ferrocene can promote charring and

enhance the quality of char, and the protective char layer

on the surface can not only give a less disturbing low

volatilization rate, but also hinder oxygen and heat from

spreading into the non-combusted substrate [44].

Smoke factor

Figure 6 gives the smoke factor (SF) as a function of time

for EP composites, which is the product of PHRR and TSR

[52]. SF is recognized to be a more accurate measure of the

rate at which smoke is released. At the end of burning, the

SF value of EP-0 is up to 3669 mW m-2, while that of

EP-1 is dramatically reduced to 681 mW m-2. It is very

clearly that the addition of IFR can significantly reduce the

SF values of IFREP composites. The SF values of the

samples with both IFR and ferrocene are 84, 133, 114,

135 mW m-2, respectively. The addition of ferrocene

further decreases the smoke generation with respect to EP-

1, which is in accordance with the above results of SPR and

TSR. It proves the good smoke suppression properties of

ferrocene.

Photographs and scanning electron microscopy of char

residue

Figure 7 presents the digital photographs and SEM images

obtained for the exterior char residues of EP samples after

CCT. The formation of efficient carbon layer can insulate

the heat transfer and prevent the diffusion of the oxygen

and the volatile products efficiently. The photographs

demonstrate that EP-0 was burnt out, whereas more dense

and coherent chars were formed with the addition of IFR.

The char residue of EP-1 presents a porous surface, and the

samples containing both IFR and ferrocene present com-

pact and continual char residues. It should be pointed out

that the surface of the char residue becomes tighter and

denser than any other residue by increasing the loading of

ferrocene up to 2 mass%, which is in consistent with lowest

HRR, THR, and a series of data tested by cone calorimeter.

This phenomenon may be due to the fact that the catalyst in

an appropriate addition range can exert good catalytic

effect in a certain system, whereas exceeding the amount of

catalyst may show no improvements or even worsen the

catalytic effect.
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In order to elucidate the structure of the char formed

during combustion and further explore how the formation

of residual char affects the combustion of the flame-re-

tarded epoxy composites, the microstructures of the char

after combustion were characterized by SEM. Figure 7

illustrates SEM images obtained for the exterior char

residues of EP-1 and EP-4 magnified 10009, respectively.

As for EP-1, the carbon layer presents an irregular

appearance including some holes and many leakage bub-

bles, due to the low strength of the char structure and low

viscosity of the melted coating. Additionally, the air in

these large holes can lower heat transference, but air con-

vection will increase the speed of heat transference at the

same time [53]. The surface of the char residue from EP-4

emerges a more compact and continual lamellar structure

compared with EP-1, because the addition of ferrocene can

contribute to form the structure of cross-linked carbona-

ceous residue which restrains the heat release and smoke

generation.

Fire performance index (FPI) and fire growth index (FGI)

The FPI and FGI calculated from the directly measured

data of cone calorimeter experiments are usually regarded

as the overall assessment of the fire safety of a material.

FPI (m2 s kW-1) and FGI (kW m-2 s-1) are defined as the

ratio of the time to ignition (TTI) to the PHRR value and

the ratio of the PHRR value to the time to PHRR (TTP),

respectively [44]. Therefore, the higher the value of the FPI

or the lower the value of the FGI, the higher is the mate-

rial’s safety rank [54, 55]. The FPI and FGI values of EP

samples are revealed in Fig. 8. It can be seen that the FPI

increases and the FGI decreases with the incorporation of

ferrocene compared to that of EP-1. That is, there is more

compact char residue formed on the surface of the sample

with ferrocene. The compact char residue can restrain

combustible gases, so the released flammable gases can be

complete combusted, which improves the fire safety of

IFREP composites. For the samples containing ferrocene

and IFR, EP-4 owns the lowest FGI value and highest FPI

value, demonstrating that it gets the highest safety rank

among all samples.

Thermogravimetric analysis (TG)

A thermogravimetric analyzer (TG) is one of the most

widely used techniques for evaluating the thermal stability

of various polymers. The thermal stability of flame-retar-

dant material has a great relationship with the release of

decomposition products and the formation of char layer on

the surface of samples [56]. The relevant data show the

temperatures at which 5.0 % degradation occurs, T0.05, as a

measure of the onset of the degradation. TG and derivative

thermogravimetric (DTG) curves are shown in Fig. 9a, b,

respectively. As can be seen from Fig. 9, the onset

decomposition temperature of EP-0 is about 390.5 �C, and

the maximum mass loss temperature is 422.8 �C. The mass

loss rate of EP-0 notably slows down after 500 �C, and the

residual char is 11.5 % at 700.0 �C. The initial decompo-

sition temperature of EP-1 is 325.4 �C, which is lower than

EP-0. The noticeable decrease in the decomposition tem-

perature is responsible for the low decomposition temper-

ature of APP, which can reduce the formation temperature

of carbon layer, and thus prevent EP composites from

further thermal degradation [44]. In addition, EP-1 sample

left about 28.6 mass% at 700 �C, which is much higher

than that of EP-0 (11.5 mass%). As usual, thermal degra-

dation of EP has one step which is related to the chain

scissions of EP and the destruction of the C–C and C–O

bonds on the main chain. However, there are two main

Fig. 7 Digital photographs and SEM of char residue from EP composites
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decomposition stages of EP-1 in the temperature ranges of

300–400 and 400–500 �C, with two corresponding differ-

ential thermogravimetric (DTG) peaks. And, these two

thermal degradation steps are attributed to ammonia and

polyphosphoric acid release, and decomposition of the

polyphosphoric acid chain, respectively.

It can be seen from Fig. 9a, b that ferrocene may react

with IFR to form a more thermally stable structure with

more char residue left, while the catalytic activity on the

polymer is not very obvious from TG data under N2. In the

case of the samples from EP-2 to EP-5, their initial

decomposition temperatures are 322.1, 323.6, 328.4, and

324.1 �C, respectively, which are lower than that of EP-1.

Moreover, ferrocene further increases the mass of flame-

retardant EP composites at high temperature. The residues

of the samples with ferrocene are about 31.1, 31.9, 33.1 and

30.1 mass% at 700 �C, respectively. When the loading of

ferrocene increases to 2 mass%, EP-4 owns the highest

thermal property among all samples. That is to say, the

presence of ferrocene in IFREP tends to promote the for-

mation of a charred residue which is more stable than that

of EP-1, and it contributes to effective smoke suppression

and flame retardancy. The radical trapping by the Fen? can

also enhance thermal stability of EP [57]. Thermal degra-

dation of the sample with ferrocene has two decomposition

stages: the first decomposition stage is responsible for the

reaction between APP and ferrocene, whereas the second

stage is mainly caused by the rupture of the EP main chains

and the destruction of the C–C and C–O bonds on the main

chain.

TG-IR characterization of EP-0/EP-1/EP-4

composites

TG-IR technique can directly analyze the volatilized

products, which provides insight into the thermal degra-

dation mechanisms [56]. The characteristic TG-IR spectra

of pyrolysis products of the EP samples at different times

during the decomposition process are presented in Fig. 10.

Peaks in the regions of around 3230–3550, 2800–3150,

2250–2400, 1700–1850, 1250–1500, and 950–1150 cm-1
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are highly noted. Some of the volatilized decomposition

products of the EP are unambiguously identified by char-

acteristic strong FTIR signals, such as H2O

(3230–3550 cm-1), CO2 (2300–2400 cm-1), CO

(2250–2300 cm-1), carboxylic acid (1700–1850 cm-1),

and aliphatic hydrocarbons (2800–3150, 1250–1500, and

950–1150 cm-1). In the process of depolymerization, the

main products of the thermal decomposition of EP are

compounds containing H2O, CO2, CO, carboxylic acid, and

aliphatic hydrocarbons. The depolymerization processes of

these three samples are significantly different according to

Fig. 10. In the case of EP-0, it decomposes drastically with
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lots of pyrolysis products, whereas the decomposition rate

of EP-1 is slowed down. In particular, the decomposition

rate of EP-4 is slowed down further when ferrocene is

introduced into the EP composites.

As shown in Fig. 10, the decomposition of these three

composites do not happen below 260 �C because there is

almost no infrared signal under this temperature. The main

decomposition products will be detected with the tempera-

ture increasing to 300 �C. As for EP-0, the peak appears at

2360 cm-1 indicating the appearance of CO2. And, the

intensity of characteristic peaks for CO2 reaches a maximum

with the temperature increasing to 460 �C (460 �C for EP-1,

580 �C for EP-4). Moreover, a maximum signal at

2950 cm-1 attributed to aliphatic hydrocarbons can be

detected at 500 �C (500 �C for EP-1, 460 �C for EP-4). The

formation of CO, CO2 and aliphatic hydrocarbons are

detected, probably due to the rupture of the EP main chains

and the destruction of the C–C and C–O bonds on the main

chain. In fact, the further decomposition of carbonic anhy-

dride structures can also bring about the elimination of

volatilized CO and CO2 by the formations of alkane and

aromatic compounds [56]. The maximum signal intensity

appears at 1760 cm-1 due to the acid anhydride being

observed with the temperature increasing to 500 �C (540 �C
for EP-1, 500 �C for EP-4). This is mainly caused by that

acid anhydride can be formed at high temperature in result of

the reaction among carboxylic acid molecules. In addition,

there are some aromatic compounds (characteristic peaks at

1505 cm-1) formed in the degradation of EP-1 and EP-4. At

the end of decomposition, the signal intensity of the pyrolysis

products declined gradually, which reflects the decomposi-

tion rate of the mixture is slowed down.

Conclusions

As to all the results of IFREP containing ferrocene

(IFREP/ferrocene) tested by CCT, SEM, and TG-IR, we can

draw the following conclusions. First, ferrocene can help to

change the structure of char residue layer that restrain the

heat release and smoke generation. Second, ferrocene rep-

resents dramatically excellent smoke suppression properties

in flame-retardant epoxy composites based on IFR. Third, the

synergistic flame-retardant effect and smoke suppression

between ferrocene and IFR is very apparent. In summary, the

synergistic smoke suppression and flame-retardant proper-

ties between ferrocene and IFR in epoxy composites are

excellent. Combining ferrocene and IFR as a system has the

wide application prospect in smoke suppression fields.
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