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Abstract In this article, smoke suppression and synergistic

flame retardancy properties of zinc borate (ZB) and dianti-

mony trioxide (Sb2O3) in epoxy-based intumescent fire-re-

tardant (IFR) coating were investigated based on cone

calorimeter test, smoke density test, scanning electron

microscopy, thermogravimetric and Fourier transform

infrared spectroscopic analyses. The measurement results of

the dynamic combustion and smoke production behaviors

and static smoke production behaviors of these IFR coatings

showed that the values of heat release rate, smoke production

rate, smoke factor and fire growth index all decreased sig-

nificantly with the addition of ZB and Sb2O3. At the same

time, the specific optical densities were remarkably reduced

due to the existence of ZB and Sb2O3. These attractive data

clearly demonstrated that the ZB and Sb2O3 had a good effect

on smoke suppression and synergistic flame retardancy of the

IFR coating. Besides, the scanning electron microscopy and

the infrared spectroscopic analyses during coating thermal

degradation were also carried out to explore the outstanding

synergistic smoke suppression and flame retardancy mech-

anism of ZB and Sb2O3. With the melt of ZB and Sb2O3, a lot

of heat was absorbed, and then, the glassy protective layer

associated with the graphite char would effectively retard

heat and suppress smoke.
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Introduction

Intumescent fire-retardant (IFR) coatings have been widely

used to protect substrates against fire. At the same time,

they are more environmentally friendly than the traditional

halogen-containing flame-retardant coatings and have

attracted considerable attention in recent years [1–5]. In

addition, the IFR coatings can also present some out-

standing advantages, for example, retaining the intrinsic

properties of the material (e.g., the mechanical properties),

easily processed and employed on multiple substrates (such

as polymers, metallic materials, wood and textiles) [6–8].

The typical and widely studied IFR system is the com-

bination of ammonium polyphosphate (APP), pentaery-

thritol (PER) and melamine (MEL) [9, 10]. Recently, many

investigations demonstrate that expandable graphite (EG)

has a high flame retardancy effect, no smoke production

and low toxicity, which can expand in the perpendicular

direction and generate a vermicular structured layer when

exposed to a heat source. Accordingly, EG as a single

component intumescent fire retardant has been widely used

in the IFR composites. Moreover, the epoxy resin (EP) is

still a superior material for IFR coatings as film former, due

to its advantages, such as excellent chemical and corrosion

resistance, high thermal and mechanical properties, low

shrinkage upon cure, outstanding flexibility and electrical

properties, and satisfactory adhesion to various substrates

[11–15]. However, a serious problem in developing and

applying EP is that a large amount of black smoke is

produced when EP burns. So developing the epoxy-based

IFR coating with good smoke suppression and flame

retardancy properties is the key to further extend the IFR

applications.

Many metal compounds, particularly transition metal

compounds, have been reported to be effective smoke
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suppression in epoxy-based IFR coating. There have been a

great volume of literatures on the outstanding synergistic

effects of zinc borate (ZB) and diantimony trioxide on

smoke suppression and flame retardancy mechanism of

halogen-containing flame-retardant coatings, which pro-

duce corrosive hydrogen halide and density smoke during

combustion and do great harm to the environmental and

public safety [16–18]. And yet, to the best of our knowl-

edge, little previous work has been reported on the smoke

suppression and flame retardancy of ZB and Sb2O3 for

epoxy-based IFR coatings, which are widely regarded as

one kind of outstanding halogen-free fire-retardant

composites.

This paper mainly studies the smoke suppression and

synergistic flame retardancy effect of ZB and Sb2O3 in

epoxy-based IFR coating. The static and dynamic smoke

production behaviors were investigated by smoke density

test and cone calorimeter test, respectively. Furthermore,

an intensive study on thermogravimetric and Fourier

transform infrared spectroscopic analyses (TG-FTIR)

during the coating degradation was carried out to reveal

the smoke suppression mechanisms. Additionally, the

residual char of the epoxy-based IFR coatings left after

combustion was examined by scanning electron micro-

scopy analysis.

Experimental

Materials

Commercial epoxy resin (E-44) was bought from Sinopec

Baling Petrochemical Company, China. Polyamide resin

(low molecular 650) used as curing agent was purchased

from Zhenjiang Danbao resin Co., Ltd., China. Ammonium

polyphosphate (G.R.) was obtained from Qingdao Haida

Chemical Co., Ltd., China. Pentaerythritol (A.R.) was

supplied by Tianjin Guangfu Chemical Co., Ltd., China.

Melamine (A.R.) was a product from Shanghai Aibi

Chemical Reagent Co., Ltd., China. Expandable graphite

(EG) was produced by Qingdao Dongkai Graphite Co.,

Ltd., China. Zinc borate (A.R.) and diantimony trioxide

(A.R.) were obtained from Qingdao Dayang Coating Fac-

tory, China. Dimethylbenzene (A.R.) was taken from

Laiyang Economic and Technological Development Zone

Fine Chemical Co., Ltd., China.

Sample preparation

A certain amount of APP, PER, MEL, EG, Sb2O3 and ZB

were mixed with EP which had dissolved in dimethyl-

benzene. Then the mixtures were ground into ultrafine

particles by cone mill. After that, the PA dissolved in

dimethylbenzene was added to the mixtures and stirred

well. The end mixtures were then poured into specified size

aluminum molds, and all the samples were dried for

2 weeks at ventilated place. The formulations of epoxy-

based IFR coatings are listed in Table 1.

Measurements

Fourier transform infrared (FTIR) spectrum was recorded

between 500 and 4000 cm-1 with an IR Prestige-21

spectrometer from Shimadzu Corporation, Japan.

The static smoke production behaviors of coating were

measured by a smoke density test machine (JQMY-2, Jian-

qiao Co, China) according to ISO 5659.2-2006 and GB

8323.2-2008 with an incident flux of 25 or 50 kW m-2. Each

sample with dimension of 75 mm 9 75 mm 9 2 mm was

put into an aluminum mold.

The cone calorimeter (Stanton Redcroft, UK) tests were

performed according to ISO 5660 standard procedures with

an external heat flux of 35 kW m-2. Each sample with

dimension of 100 mm 9 100 mm 9 2 mm was wrapped

in an aluminum foil and then put into the specimen holder

in the horizontal orientation for testing.

Thermogravimetric (TG) analyses were performed

under nitrogen flow on a DT-50 (Setaram, France) instru-

ment with crucible sample holders, at a heating rate of

20 K min-1.

Scanning electron microscopy (SEM) studies were per-

formed using a Hitachi X650 scanning electron microscope.

Table 1 Formulations of the epoxy-based IFR coatings

Sample code APP/g MEL/g PER/g EP/g PA/g EG/g Sb2O3/g ZB/g

IFR-0 30 12 18 36 24 0 0 0

IFR-1 30 12 18 36 24 5 0 0

IFR-2 30 12 18 36 24 5 5 5

IFR-3 30 12 18 36 24 5 0 5

IFR-4 30 12 18 36 24 5 5 0

1320 F. Zhang et al.

123



Results and discussion

Cone calorimeter test

To obtain comprehensive understanding about dynamic

combustion and smoke production behaviors of epoxy-

based IFR coatings, the cone calorimeter test (CCT) was

carried out and the typical parameters are illustrated in

detail as follows.

Figure 1 shows the heat release rate (HRR) curves of all

epoxy-based IFR coatings in the CCT. It can be seen that

the IFR-0, IFR-1 and IFR-3 coatings ignited within 75 s

after the test started. A sharp peak heat release rate (PHRR)

of 454.9 kW m-2 appeared rapidly for the IFR-0 coating

after ignition. However, the PHRR values of the IFR-1

(391 kW m-2) and IFR-3 (377.9 kW m-2) coatings are

lower, and the time to PHRR of these two coatings is about

25 s later than those of the IFR-0 coating.

The lower PHRR values of the IFR-1 and IFR-3 coat-

ings indicate that the EG and ZB help to improve the flame

retardancy performance of the epoxy-based IFR coatings.

More specifically, the EG can promote the formation of

char residue layer on the surface of the sample to prevent

the burning of combustible materials derived from the

degradation and the entrance of oxygen [19]. Furthermore,

the HRR values of the IFR-3 coating are a little lower than

those of the IFR-0 coating from 105 to 155 s, indicating

that the ZB melts at high temperature to form glassy layer,

which acts as a barrier to prevent heat from destroying the

underlying materials [20].

2H2BO3 ���������!
130�200 �C �H2Oð Þ

2HBO2 ���������!
260�270 �C �H2Oð Þ

B2O3 ��!
350 �C

softening
��!500 �C

porous material

Compared with the IFR-3 coating, the IFR-4 coating

shows a better performance on combustion behavior. With

the addition of Sb2O3, the PHRR value decreases greatly

(220.5 kW m-2), and the time to ignition and PHRR is put

off significantly. All these results indicate that the Sb2O3

has much better flame retardancy effects than the ZB; when

the Sb2O3 was melting, a lot of heat could be absorbed, and

then with the formation of a molten protective layer, the

combustible materials were isolated and the underlying

materials were protected effectively [21].

Attractively, the IFR-2 coating shows the lowest PHRR

value and the longest time to ignition among all samples,

indicating that the synergistic effect of ZB and Sb2O3 can

effectively retard heat release during the whole combustion

process. Therefore, both ZB and Sb2O3 can retard the

sample to burn by condensed phase mechanism, displaying

an excellent synergism when they are used together.

Figure 2 presents the total heat release (THR) of the

epoxy-based IFR coatings. As the results showed, the THR

values of the IFR-2 coating are greatly lower than those of

other coatings throughout the entire combustion process.

It is reported that the gradient of THR curve can be

assumed as representative of flame spread [22, 23]. Com-

pared with the IFR-0, IFR-1 and IFR-3 coatings, the gra-

dient of THR curve for the IFR-4 coating is greatly

reduced, suggesting that the flame spread speed slows

down. Specifically, in the case of the coating containing ZB

and Sb2O3, the flame spread speed further decreases. All

these results suggest that the synergism of ZB and Sb2O3

can not only improve the char residue to be more compact,

but also help to restrict flame spread.

In most cases of real fire hazards, the major factor

leading to death is the toxic substances and smoke released

from the burning materials [24]; therefore, it is important to
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evaluate the smoke production behaviors of fire-retardant

coatings. The smoke production rate (SPR) curves of the

epoxy-based IFR coatings are illustrated in Fig. 3.

It can be seen that the peak smoke production rate

(PSPR) value of the IFR-0 coating is 0.063 m2 s-1 at

101 s, while the PSPR value of the IFR-1 coating is

0.054 m2 s-1 at 120 s and the PSPR value of the IFR-3

coating is 0.046 m2 s-1 at 141 s. Hence, compared with

the IFR-0 coating, the IFR-1 and IFR-3 coatings have

lower PSPR values and longer time to PSPR. With regard

to the IFR-2 containing both ZB and Sb2O3, the PSPR

value (0.042 m2 s-1) is the lowest and the time to PSPR

(127 s) is the longest.

Note that the time to PSPR of the IFR-4 coating (80 s) is

the shortest, though it has a lower PSPR value

(0.044 m2 s-1) than both the IFR-0 and IFR-1 coatings.

The reason is that, although the melting Sb2O3 can absorb

lots of heat and improve the char layer to suppress smoke,

it tends to react with phosphate, derived from the degra-

dation of APP, to form antimony phosphate that has a

negative effect on smoke suppression in the early com-

bustion stage. So an ‘‘antagonistic effect’’ will appear

during the combustion process, which accelerates the

decomposition of APP to form some smoke particles [25].

APP
���������!low temperature

H3PO4 þ smoke precursors

2H3PO4 þ Sb2O3ðsÞ ! 2SbPO4ðsÞ þ 3H2O

With the addition of ZB, the phosphate will be neu-

tralized effectively and the ZB will help to promote the

formation of char layer so that the SPR values may

decrease in the charring process. As a result, the smoke-

forming and combustible materials substantially reduce in

the gas phase. Based on the above discussion, it is rea-

sonable to conclude that ZB and Sb2O3 are effective

additives to suppress smoke during the whole combustion

process.

Smoke factor (SF) is the product of PHRR and total

smoke rate (TSR). It is an important parameter that rep-

resents a ratio of exhaust opacity to the amount of fuel

burned at the time of measurement [26]. It can be calcu-

lated using Eq. (1):

SF ¼ PHRR � TSR ð1Þ

From Fig. 4, it can be seen that the SF value for the IFR-

0 coating is up to 239.4 MW m-2, while the SF values for

the IFR-1, IFR-2, IFR-3 and IFR-4 coatings are 192.5,

158.9, 204.2 and 174.3 MW m-2, respectively, which are

much lower than that of the IFR-0 coating. Moreover,

compared with other coatings, the IFR-2 coating containing

ZB and Sb2O3 shows the lowest SF values during the

whole combustion process. Attractively, the SF values of

the IFR-4 coating are higher than those of the IFR-3

coating within 100 s after the test began, indicating that the

Sb2O3 has a negative effect on smoke suppression in the

early combustion stage.

In order to explore the fire hazard comprehensively, the

fire performance index (FPI) and the fire growth index

(FGI) are calculated according to Eqs. (2) and (3) using

cone calorimeter test data.

FPI ¼ tig

PHRR
ð2Þ

FGI ¼ PHRR

tp
ð3Þ

The FPI (s m2 kW-1) is defined as the ratio of time to

ignition (TTI or tig) and PHRR. There is a certain corre-

lation between the FPI value and the time to flashover of

material; the lower the FPI value is, the less time it will
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spend catching flashover and the higher the fire risk will be.

The FGI (kW m-2 s-1) is defined as the ratio of PHRR and

time to PHRR (TTP or tp). The FGI reflects the fire

development speed, and a higher FGI value means that the

time to PHRR is shorter so that the fire risk is higher

[27, 28]. Overall, materials with higher safety rank require

high FPI values and low FGI values. From Fig. 5, it can be

seen that the IFR-2 coating owns the highest FPI value and

the lowest FGI value which indicates that it gets highest

safety rank than other IFR coatings.

Smoke density test

To get more information about the smoke performance of

the epoxy-based IFR coatings, the static smoke production

behavior tests for the IFR-0, IFR-1 and IFR-2 coatings

were carried out under different incident heat fluxes and

combustion conditions. Here, static smoke production

behaviors were measured by the smoke density test. The

specific optical density (Ds) curves of the epoxy-based IFR

coatings are illustrated in Figs. 6 and 7.

It can be seen from Fig. 6a, the Ds values of the IFR-1

coating containing only EG are lower than those of the

IFR-0 coating under a radiant heat flux of 25 kW m-2

without flame. When the ZB and Sb2O3 are added into the

coating, the Ds values will further decrease; a similar trend

also appears in the Ds values with flame, as shown in

Fig. 6b, and hence, the presence of ZB and Sb2O3 can

effectively suppress the smoke production during the

burning of the sample. On the other hand, it clearly shows a

significant decrease in Ds values with the addition of ZB

and Sb2O3 under a radiant heat flux of 50 kW m-2 without

flame from Fig. 7a; however, the IFR-1 coating containing

only EG shows an ineffective smoke suppression. It can be

illustrated that the EG char is not nearly so strong as the

residual char of the IFR-2 coating to retard the continuous

heat and smoke under high heat flux.

Note that the Ds values of the IFR-2 coating are just

slightly lower than those of other samples under a radiant

heat flux of 50 kW m-2 with flame, as shown in Fig. 7b. It

implies that the ZB and Sb2O3 can effectively suppress the

smoke through molten protective layer on the surface of the

samples, during the combustion process; however, there is

no effective synergistic smoke suppression in the gas

phase, so that the combustible materials derived from the

degradation will be ignited to generate smoke continu-

ously. These results reveal that the excellent synergistic

smoke suppression effect of ZB and Sb2O3 is mainly in the

condensed phase.

Scanning electron microscopy of char residue

The residual char of the IFR coatings, which acts as a

barrier to prevent the burning of combustible materials
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decomposed from the underlying materials, the heat

transfer and the entrance of oxygen, plays an important role

in the flame retardancy performance and smoke suppres-

sion. In order to investigate the impact of the residual char

on the flame retardancy and smoke suppression, the

structures of the chars for different IFR coating systems

were characterized. Figure 8 shows the digital photographs

(labeled by IFR-0, IFR-1 and IFR-2) and scanning electron

microscopy (SEM) micrographs (labeled by IFR-0S, IFR-

1S and IFR-2S) of the residual chars for the epoxy-based

IFR coatings after cone calorimeter test.

From the digital photographs, it can be seen that the

residual char of the IFR-0 is the thinnest and loosest so that

it will easily fall off and the shape of the char is difficult to

retain. The swollen char of the IFR-1 tends to be more

connective and compact, and thus can provide a protective

layer to retard the flaming, as a result. However, there are

many obvious gaps around the expanded graphite char.

Note that the IFR-2 shows the densest and smoothest

residual char surface among all samples, responding to the

lowest HRR, THR and a series of data tested by cone

calorimeter.

On the other hand, the residual chars of the three coat-

ings show different structures as well, according to the

SEM micrographs. Specifically, the residual char of the

IFR-0S is very thin and porous, while that of the IFR-1S is

thick and worm-like. However, there are some obviously

large holes and crevices on the char surface of the IFR-1S,

and it has a negative impact on the flame retardancy and

smoke suppression. Another point worthy to be discussed is

that the residual char of the IFR-2S is smooth and compact,

which provides a good shielding effect in combustion;

furthermore, the residual chars are tightly associated with

the glassy layer derived from the molten ZB, and the good

interfacial adhesion between them can accelerate the for-

mation of a denser char layer.

Thermogravimetric analysis/Fourier transform

infrared spectrometry

The synergistic effect of ZB and Sb2O3 on flame retardancy

and smoke suppression will be further investigated by the

data from the TG analyses. Figure 9 gives the TG and DTG

curves of the IFR-1 and IFR-2 coatings in nitrogen atmo-

sphere, and the corresponding characteristic parameters,

such as the initial decomposition temperature (Td) consid-

ered as the temperature at which the mass loss of the

sample reaches 5 mass%, the temperature at the maximum

degradation rate (Tmax) and char yield (Yc) at 700 �C, are

summarized in Table 2.

It can be seen that the IFR-2 coating has a greatly higher

Td value than that of the IFR-1 coating; however, unex-

pectedly, the Tmax1 value of the IFR-2 coating is lower than

that of the IFR-1 coating. This phenomenon can be

attributed to the reaction between the Sb2O3 and phosphate,

so that the APP will decompose to form phosphate more

quickly at a low temperature, as discussed above.

In addition, both ZB and Sb2O3 tend to absorb a massive

source of heat during the melting process, and hence, the

decomposition reaction will slow down accordingly.

Moreover, the molten protective layer derived from the ZB

and Sb2O3 can effectively enhance the thermal stability of

the sample, and thus, both the Tmax2 and Tmax3 values of the

IFR-2 coating are higher than that of the IFR-1 coating.

This will be further confirmed by the Yc values.

The IFR-2 coating has a much higher Yc value than the

IFR-1 coating; hence, the incorporation of ZB and Sb2O3

can promote the formation of more stable residues at high

temperature. This is one factor leading to the excellent

synergistic flame retarding and smoke suppression effect of

ZB and Sb2O3.

The thermogravimetric analysis and Fourier transform

infrared spectrometry (TG-FTIR) spectra further disclose
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the pyrolysis information so that the main compositions of

the gas products from the thermal degradation process can

be inferred. Figures 10 and 11 show the TG-FTIR spectra

of the IFR-1 and IFR-2 coatings at the heating rate of

20 K min-1. It can be seen that the wavenumber range of

3100–2600 cm-1 is assigned to the absorption peak for

carbon dioxide, the wavenumber range of 4000–3400 and

2060–1260 cm-1 is assigned to the absorption peak

for water vapor, and the wavenumber range of 2260–

1990 cm-1 is assigned to the absorption peak for carbon

monoxide.

In the spectrum of the IFR-2 coating, there are some

obvious absorption peaks for H2O and CO2 at 120 �C;

however, for the IFR-1 coating, the absorption peaks for

Fig. 8 Digital photographs and SEM micrographs of char residue of the epoxy-based IFR coatings
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Table 2 Characteristic data from TG analyses in a N2 atmosphere at

heating rate of 20 K min-1
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CO2 are a little weaker, indicating that the initial decom-

position of the IFR-2 coating is earlier than that of the

IFR-1 coating. In addition, the absorption peaks for H2O of

the IFR-2 coating at 350 and 450 �C are not obvious, but

the absorption peaks for H2O of the IFR-1 coating are quite

strong. These results suggest that a lot of heat tends to be

absorbed in the process of the melting of ZB and Sb2O3,

which slows the thermal degradation process down. Thus,

the water vapor derived from the degradation will be barely

detected. The absorption peaks for CO visibly appear in the

spectrum of the IFR-1 coating at 550 �C, while the

absorption peaks for CO are weak for the IFR-2 coating,

suggesting that the IFR-2 coating has a lower CO yield,

which can hence be attributed to the good shielding effect

of the residual char of the IFR-2 coating.

Conclusions

With the addition of ZB and Sb2O3, the epoxy-based IFR

coating can effectively suppress smoke and retard heat

during the whole combustion process. The ZB and Sb2O3

can improve the shielding layer to be more stable and

compact, so that it can restrain the smoke generation and

heat release. Moreover, a lot of heat will be absorbed

during the melting process of ZB and Sb2O3. In summary,

the smoke suppression and synergistic flame retardancy

properties of ZB and Sb2O3 in epoxy-based IFR coating are

quite excellent.
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