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Abstract This article mainly studies smoke suppression
properties and synergistic flame retardant effects of iron
oxide green on intumescent flame retardant epoxy resins
(IFREP) using ammonium polyphosphate and pentaeryth-
ritol as intumescent flame retardants. Then, the smoke
suppression properties of iron oxide green (Fe,O3-H,O) on
intumescent flame retardant epoxy composites were eval-
uated using cone calorimeter test (CCT), smoke density test
(SDT), scanning electron microscopy (SEM), thermo-
gravimetric analysis-infrared spectrometry. Remarkably,
CCT data reveal that a moderate amount of iron oxide
green can apparently reduce heat release rate, total heat
release, total smoke release, etc. On the other hand, the
SDT results show that iron oxide green can catalyze the
carbonization of IFREP at low temperature. Here, iron
oxide green is considered to be an effective smoke sup-
pression agent and a good synergism with IFR in flame
retardant epoxy resins, which can greatly improve the
structure of char residue realized by SEM results.

Keywords Smoke suppression - Iron oxide green - Flame
retardant - Epoxy

Introduction

It has been reported that smoke produced in the fire is even

the most important factor which directly puts people to
death by poisoning and suffocation instead of burns [1, 2].
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In many cases, the visibility impairing and narcotic irri-
tating effect because of the evolution of smoke, toxic gases,
and irritant compounds can prevent many fire victims from
perceiving their possibilities of escape [3—7]. The inhala-
tion of fire smoke, which contains not only carbon mon-
oxide but also a complex mixture of gases, is the principal
cause of morbidity and mortality in fire victims [8, 9].
Moreover, the high-temperature smoke containing a lot of
heat can accelerate the spread of fire and cause thermal
damage to people [10].

Epoxy resins are among the major commodity polymers
in modern advanced composites because of their balance of
excellent heat, solvent, moisture, and chemical resistance,
good mechanical and electrical properties, and satisfactory
adherence to many substrates [11-16]. However, its poor
fire resistance is one of the main drawbacks in using epoxy
thermosetting resins for the production of composites.
Therefore, it is important to improve the flame retardancy
of epoxy resins [17-23]. In a fire, halogen-containing flame
retardants led to problems of smoke and possibly enhanced
toxicity, and corrosion which has attracted considerable
environmental attention [24-31]. Thus, a wide range of
halogen-free flame retardants which are mostly phospho-
rus-containing flame retardants has been developed and
used in epoxy resins. However, there is also a large amount
of toxic smoke released from intumescent flame retardant
epoxy composites during combustion. As a consequence,
developing the retardants with good flame retardancy and
smoke suppression is the key to further explore the epoxy
resins applications.

Iron oxide green is commercially available as a pigment.
It has been reported that iron oxide orange and iron oxide
brown, in combination with polyphenylene oxide and
preferably in further combination with borates such as zinc
borate, provide a substantial degree of flame retardancy to
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polyamide 4,6 [32]. Iron oxide is one of the most effective
char formers, and there is a linear correlation between
smoke suppression and char formation [33]. Moreover, iron
compounds acting as synergists and smoke suppressants in
some thermoplastic polymer formulations have a catalytic
action [34]. The nanocomposites based on iron oxide
exhibit better thermal, flame retardant properties, smoke
suppression, and lower degradation degree than those of
pure polyvinyl chloride (PVC), poly(butylene terephthal-
ate) (PBT), propylene (PP), recycled PET, and ethylene
vinyl acetate copolymer/layered double hydroxides (EVA/
LDH) nanocomposites [35-37]. To the best of our
knowledge, no work has been reported the synergistic
effects between iron oxide green and IFR on the achieve-
ment of smoke suppression and flame retardant properties
in epoxy resins.

This paper mainly studies the synergistic smoke sup-
pression properties and flame retardant effect between iron
oxide green and IFR in flame retardant epoxy resins. Then,
the effect was investigated by cone calorimeter test (CCT),
smoke density test (SDT), thermogravimetric analysis-
infrared spectrometry (TG-IR). In addition, to further
explore how the structure of char determines smoke sup-
pression properties, the residue chars of flame retardant
epoxy composites left after CCT were examined by scan-
ning electron microscopy (SEM) analysis.

Experimental
Materials

Epoxy resin (bisphenol A epoxy acrylate resin), used as
film-forming material, was purchased from the Stanley
Technology Co. Ltd., Shijiazhuang, China; Meth-
yltetrahydrophthalic Anhydride (MTHPA; 98 % pure)
curing agent was from Sitanlei Co. Ltd., Shijiazhuang,
China; ammonium polyphosphate (APP) with particle size
of 2,500 mesh was supplied by Keyan Institute of Chemical
Engineering, Hefei, China; PER with particle size of 2,500
mesh was purchased from new thin Metal and Chemical
Co., Ltd., Guangzhou, China; intumescent flame retardant
was obtained with the mass ratio of APP and PER is 3:1;
iron oxide green with particle size of 8.75 um was pur-
chased from the Zhicheng Trade Co., Ltd., Qingdao, China.

Preparation of samples
EP was mixed with iron oxide green 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
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Table 1 The formulations of flame retardant epoxy composites

Sample Epoxy/ MTHPA/ IFR/ Iron oxide
code mass% mass% mass% green/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

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
retardant 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 x 100 x 3 mm® was
wrapped in aluminum foil and exposed horizontally to an
external heat flux of 50 kW m™2.

Smoke density test (SDT)

A SDT machine JQMY-2 (Jiangiao Co, China) was used to
measure the smoke characteristics according to ISO 5659-2
(2006). Each specimen of dimensions 75 x 75 x 2.5 mm?
was wrapped in aluminum foil and exposed horizontally to
an external heat flux of 25 kW m™? with the application of
a pilot flame.

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)

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 temperature to 750 °C. The heating
rates were set as 20 K min~' (nitrogen atmosphere, flow
rate of 20 mL min ).
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Results and discussion
Cone calorimeter test
Heat release rate

Figure 1 shows the heat release rate (HRR) curves of all EP
samples in the CCT. CCT can be used as an effective
approach to compare and evaluate the combustion behavior
of polymer materials. HRR, especially peak heat release
rate (PHRR) has been found to be a very important
parameter as it expresses the intensity of a fire, which in
turn determines other parameters. It can be seen that EP-0
burns very fast after ignition; the ignition time is 50 s, and
the PHRR of 922 kW m™? is obtained at 189 s. EP-0 has a
single peak, which can easily be explained by the sample
gradually burning. When IFR is added to the EP system,
each sample has multi-peak phenomena. The appearance of
the first peak indicates the start of burning, then the HRR
drops because of the formation of an insulating char layer.
The second peak arises because the temperature increases
on the unexposed surface with the partial destruction of the
charred material [38]. For EP-1 with only IFR, the ignition
time is 75 s which is longer than that of EP-0; the first
PHRR value of EP-1 is 130 kW m_z, and the second
PHRR value is 257 kW m™~2 which is much lower than that
of EP-0. The reason is that the APP release ammonia at the
beginning of heating, and polyphosphoric acid produced by
the elimination of ammonia from APP can attack hydroxyl
bonds of PER with formation of phosphoric ester. The
phosphoric ester can thermally decompose at higher tem-
peratures, leading to formation of three-dimensional net-
work structures. Furthermore, the C—H bonds for EP are
dehydrogenated and oxidized with formation of C—-O-OH
groups on the backbone. Then the crosslinking occurs
between EP and IFR, and a complicated network could be
formed which could act as a barrier to prevent heat to
underlying materials and flammable gases into flame zone
[39, 40]. In the case of the samples with both IFR and iron
oxide green, the first PHRR values are greatly reduced to
102, 91, 114, and 180 kW m~2, respectively. And the
second PHRR values are 172, 196, 186, and 225 kW m 2,
respectively. It can be approved that the presence of iron
oxide green could promote the release of ammonia from
APP, and form Fe"" because of multiple valency of Fe. At
the same time APP could react with Fe"t which takes as
bridges, the formation would increase the molecular weight
and led to a stabilization of the APP, which could increase
the viscosity of the melt during pyrolysis and combustion
[41]. Tt should be pointed out that the first PHRR value of
EP-5 is higher than that of EP-1. It can be explained by that
when increasing the mass of the iron, the negative effect
could exceed the positive effect on the fire properties, due
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Fig. 1 Heat release rates of flame retardant epoxy samples

to reducing the content of IFR [41]. Moreover, the HRR
curves of the samples with both IFR and iron oxide green
are very flat, and the addition of iron oxide green strongly
prolongs the combustion time compared with EP-1. The
ignition times of the samples from EP-2 to EP-5 are 28, 40,
52, 43 s, respectively. It can be obviously seen that the
ignition times of the samples with both IFR and iron oxide
green are much shorter than that of EP-1 with only IFR.
The reason is due to the fact that the samples with different
additives show different thermal response behaviors in the
CCT. Some samples which expand before ignition in the
CCT could lead to the distance between the surface of the
sample and cone small. Meanwhile, the radiation heat flux
will increase, which can accelerate EP decomposing,
resulting short ignition time. Furthermore, the expansion
process is not uniform [42]. According to the phenomenon
above, it is deduced that the addition of IFR and iron oxide
green can remarkably enhance the flame retardancy of
flame retardant composites.

Mass

Figure 2 shows the percentage of residual mass of flame
retardant epoxy composites in the CCT. It can be seen from
Fig. 2 that mass loss of EP-0 is very large, just 2 mass%
remained at 390 s. However, EP-1 with only IFR reaches
the final constant value (45 mass%) at approximately
530 s. It can be explained by the addition of IFR forming a
protective rigid layer during the combustion process, which
acts as a barrier for heat and mass transfer. However, this
layer is not compact enough and breaks quickly resulting
large mass loss. The char residue mass of the samples
containing IFR and iron oxide green is 56, 48, 58, and 53
mass%, which are much higher than that of EP-1. And EP-
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Fig. 2 Mass loss curves of flame retardant epoxy samples
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Fig. 3 Total heat release of flame retardant epoxy samples

4 shows the highest char residue among all flame retardant
samples. In addition, the samples with IFR and iron oxide
green begin degradation earlier than EP-0 and reach con-
stant mass after approximately 450 s, but the mass loss rate
is much lower than that of EP-0 and EP-1. It knows that an
early decomposition of the intumescent flame retardant
system is necessary to increase the fire-proofing properties
of the material [43, 44]. This result also means that there is
catalyzing carbonization effect by iron oxide green in the
intumescent flame retardant epoxy composites, and a
compact char residue forms on the surface of the sample in
the combustion process.

Total heat release

Figure 3 presents the total heat release (THR) curves for all
samples. THR depends on carbonaceous charring, fuel
dilution—including the replacement of polymer in the
condensed phase, and flame inhibition—mainly reducing
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Fig. 5 Total smoke release of flame retardant epoxy samples

combustion efficiency in the flame [34]. The slope of THR
curve can be assumed as representative of fire spread [45].
From Fig. 3, it can be seen that the THR value
(152 mJ m~?) of EP-0 is the highest among all samples.
Compared with EP-0, the gradient of THR curve from EP-1
with only IFR is greatly reduced, indicating the flame
spread speed slows down. In the case of the samples con-
taining both IFR and iron oxide green, the flame spread
speed further decreases. The reason is that the iron oxide
green could serve to generate beneficial intumescent char
layers in the intumescent flame retardant epoxy resins
(IFREP) composites, restricting flames spread.

Smoke production rate

Smoke performance of flame retardant material is regarded
as a significant parameter in fire safety fields. The smoke
production rate (SPR) curves of flame retardant epoxy
composites are illustrated in Fig. 4. The peak SPR values
of EP-0 and EP-1 are 0.224 and 0.093 m? s, respectively.
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Fig. 6 Smoke factors of flame retardant epoxy samples

It obviously takes on a significant decrease with the addi-
tion of the IFR. However, the time to peak SPR of EP-1 is
much shorter than that of EP-0O. That is because at the
initial stage of heating, the surface temperature raises
quickly, resulting in the rapid decomposition of IFR and
formation of smoke particles on the surface of EP-1. The
peak SPR values of samples containing both IFR and iron
oxide green are 0.072, 0.061, 0.048, and 0.112 m* s,
respectively. It can be seen that the curves and the values of
the samples with IFR and iron oxide green are far lower
than those of EP-0 and EP-1, which has the homologous
phenomenon with the HRR in the CCT. Also, it should be
pointed out that the time to the peak SPR value of all
samples are 151, 55, 54, 55, 55, and 56 s, respectively.
Smoke suppression by iron oxide green and IFR can be
explained as follows: moderate content of iron oxide green
and IFR can promote charring and enhance the quality of
char, which can protect the inner matrix and reduce the
amount of combustible gas and smoke-forming materials in
the gas phase during combustion [33]. In the case of EP-4
with 28.0 mass% IFR and 2.0 mass% iron oxide green, iron
oxide green can efficiently catalyze IFREP to form thick
char residue at the beginning of the CCT.

Total smoke release

The total smoke release (TSR) values of flame retardant
epoxy composites are illustrated in Fig. 5. As is portrayed in
Fig. 5, the distinction between EP-0 and the flame retarded
samples is apparent after 70 s. The TSR values of all samples
are 3,364, 1,407, 1,105, 1,097, 796, and 670 m* m™ >,
respectively. It is obvious that the TSR values significantly
decrease with the addition of iron oxide green. The reason for
the TSR greatly decreasing with the addition of iron oxide
green is the smoke suppression properties of iron oxide
green. The smoke suppression mechanism by iron oxide
green in burning IFREP is a combination of several

Fig. 7 Digital photographs and SEM of char residue of flame
retardant epoxy samples after CCT

interrelated effects. First, the reaction between iron oxide
green and APP can increase the viscosity of the melt and the
stability of the char layer during the process of pyrolysis and
combustion, and thus prevent combustible gases from dif-
fusing into air. Second, some studies have shown that Fe""
ions behave as an ideal radical scavenger which can restrain
the attack of the free radicals. So it is also effective in
chemically removing certain volatile fuels which are
responsible for promoting the burning of the specimens and
the formation of smoke particulates [46, 47].

Smoke factor

Figure 6 presents the smoke factor (SF) as a function of
time for all samples. SF is the product of PHRR and TSR
[48]. The SF value of EP-0 is up to 3,322 mW m~ 2. And the
SF value of EP-1 is only 351 mW m~2, which is much
lower than that of EP-0. It is very obvious that the addition
of IFR significantly reduces the SF values of intumescent
flame retardant epoxy composites. Furthermore, the sam-
ples containing both IFR and iron oxide green show further
decrease in SF values compared with EP-1. The SF values
of the samples with both IFR and iron oxide green are 195,
215, 113, and 125 mW m™2, respectively. That indicates
the same conclusion with the above results of SPR and TSR.

Sem

Figure 7 is the photographs and SEM of char residues
for EP-1 and EP-4 after CCT. The char layer formation
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on the surface of cured epoxy samples could prevent
heat and oxygen from transferring into the underlying
materials, and flammable volatiles into flame zone.
From Fig. 7, it is clear that the char residue of EP-1 is
the light and loose responding. As well, it can be
observed that there are some holes existed in the sur-
face. It is due to the instantaneous release of a large
amount of NH; by APP/PER, which was likely to have
formed large pores in the char [49]. In contrast, the char
residue of EP-4 shows a compact appearance and
smooth surface. Holes and crevices are nearly not
existed in the char residue of EP-4. It can be concluded
that the addition of IFR forms a protective rigid layer
during the combustion; however, this layer breaks
quickly. The adding of iron oxide green modifies the
rigid layer, and during the entire combustion process,
the material grows thicker; after complete combustion,
the compact layer still remains as a whole.

Smoke density test (SDT)

Figure 8 shows the luminous flux curves of flame retardant
epoxy composites with flame in the SDT. In the case of EP-
0, the luminous flux slightly decreases and gets the lowest
luminous flux value (88.7 %) at 1,200 s. When IFR is
added into epoxy resins, the luminous flux mainly
decreases from 725 s, and attains the lowest value (56.4 %)
at 1,200 s in the SDT. That is due to the low decomposition
temperature of APP. In the case of the samples containing
both IFR and iron oxide green, the luminous flux can fur-
ther decrease compared with EP-1 containing only IFR.
Here, the addition of iron oxide green could promote the
release of ammonia from APP and form Fe"* which could
react with APP.
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Fig. 8 Luminous flux of flame retardant epoxy samples
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FTIR characterization of EP-0/EP-1/EP-4 composites

Figure 9 presents 3D TG-FTIR spectra of pyrolysis pro-
ducts of the flame retardant epoxy samples during thermal
degradation. It can be seen that the evolved gas products
for the three samples exhibit characteristic bands of
3,230-3,550, 2,800-3,150, 2,250-2,400, 1,700-1,850,
1,250-1,500, and 950-1,150 cm™'. The spectra fit well
with the reported FTIR features of gas products such as
H,O (3,230-3,550 cm™"), CO, (2,300-2,400 cm™ "), CO
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Fig. 9 The 3D TG-FTIR spectra of pyrolysis products of the
composites during the thermal degradation: a EP-O, b EP-1, and
c EP-4
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Fig. 10 FTIR spectra of pyrolysis products of the composites at different temperatures: EP-0 (a, b), EP-1 (a, b), and EP-4 (a, b)

(2,250-2,300 cm™"), carboxylic acid (1,700-1,850 cm™"),
and aliphatic hydrocarbons (2,800-3,150, 1,250-1,500, and
950-1,150 cmfl). As a matter of fact, the main decom-
position products of the composites are HO, CO,, CO,
carboxylic acid, and aliphatic hydrocarbons.

It is obvious that the decomposition processes of the
three samples are significantly different. EP-0 decomposes
drastically when heated, producing lots of CO,, CO, car-
boxylic acid, and aliphatic hydrocarbons. Moreover, the
decomposition of EP-1 with only IFR is slowed
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down. Furthermore, the decomposition of EP-4 is slowed
down further when iron oxide green is added into the
composites.

Figure 10 shows the characteristic spectra obtained from
30 to 900 °C. As in the case of EP-0, there is almost no
infrared signal below 104 °C (124.3 °C for EP-1, 292.8 °C
for EP-4), indicating that the composites do not decompose
under this temperature. The release of H>O, CO,, and CO
could be detected with the temperature increasing. When
the temperature increases to 435.7 °C (374.3 °C for EP-1,
491.8 °C for EP-4), a maximum signal intensity appears at
1,700-1,850 cm™! due to the fact that carboxylic acid is
observed. This can be attributed to the existence of meth-
yltetrahydrophthalic anhydride and APP. And a maximum
signal at 2,800-3,150 cm™" attributed to aliphatic hydro-
carbons is observed at 435.7 °C (374.3 °C for EP-1,
491.8 °C for EP-4). Moreover, CO, and CO release grad-
ually increase with increasing temperature. These phe-
nomena can be clarified that during the thermal degradation
of IFREP, that the formations of carbonic anhydride
structures further decompose can lead to the elimination of
volatilized CO and CO, by the formations of alkane, and
aromatic compounds [50]. As it was expected, the signal
intensity of the pyrolysis products declined gradually,
implying that the decomposition rate of the mixture is
slowed down.

Conclusions

As to all the results of intumescent flame retardant epoxy
resin containing iron oxide green (IFREP/iron oxide
green) tested by CCT, SDT, SEM, and FTIR, we can
draw the following conclusions. First, iron oxide green
can help to change the structure of char residue layer that
restrain the heat release and smoke generation. Second,
iron oxide green represents dramatically excellent smoke
suppression properties in flame retardant epoxy compos-
ites based on IFR. Third, the synergistic flame retardant
effect and smoke suppression between iron oxide green
and IFR are very apparent. In summary, the synergistic
smoke suppression and flame retardant properties between
iron oxide green and IFR in epoxy composites are
excellent. Combining iron oxide green and IFR as a
system has the wide application prospect in smoke sup-
pression fields.
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