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Cured epoxy resin (EP) composites containing Ammonium Polyphosphate (APP) and metallic oxide were prepared and characterized.
The flame retardancy of the composites was studied using LOI, UL 94, cone calorimeter and Laser Raman spectroscopy, etc. The
data of LOI, UL 94 and cone calorimeter show that APP is a good flame retardant for EP. The LOI value of the composite containing
20 wt% APP is as high as 38.0% and its UL 94 rating is raised to V-0. The addition of APP and La2O3 leads to the formation of char
layer containing smaller carbonaceous microstructures compared with that of EP. Moreover, the thermo-oxidative decomposition of
EP and its composites is characterized by dynamic FTIR.
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1 Introduction

Epoxy resins (EP) are widely used as coatings, adhesives
and composites owing to their attractive characteristics
mechanical and chemical properties. However, like most
organic polymeric materials, EP is flammable and their ap-
plication is limited. Therefore, many methods have been
developed to improve the flame retardancy of EP. It is
reported that epoxy resins can be modified with boron
(1), phosphorus (2–5), silicone (6, 7), polyurethanes (8),
melamine and melamine phenol-formaldehyde resin (9)
and montmorillonite (10), etc. to enhance their flame re-
tardancy. Among them, the use of phosphorus-containing
compounds is promising. U. Braun et al. have done excel-
lent work on the pyrolysis of neat epoxy resins contain-
ing phosphine oxide, phosphinate, phosphonate, and phos-
phate and the fire behaviour of their carbon fibre compos-
ites in order to investigate the influence of the oxidation
state of the phosphorus on the fire retardancy of such ma-
terials (11).

Recently, intumescent flame retardant (IFR) has stim-
ulated great attention in recent years because halogen-
containing flame retardant materials produce a deal of
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smoke and toxic gases on burning. The conventional IFR
system is composed of three parts: an acid source, a car-
bonization agent, and a blowing agent. The acid source is
generally inorganic acid or precursor of the acid, for ex-
ample, ammonium polyphosphate (APP). Carbonization
agent is mainly polyhydric compound, such as pentaery-
thritol (PER) and starch. The compound used as a blowing
agent can produce gases on heating, for instance, melamine
(MEL), urea, etc. Bourbigot and his co-workers have done
extensive studies on the APP IFR systems in polyolefins
and reviewed the recent developments of IFR systems in
great detail (12–15).

Due to the charring capacity of epoxy resin, it can be an-
ticipated that addition of APP may be an effective and con-
venient approach for the flame retardancy of EP. Moreover,
it is reported that some metallic compounds have synergis-
tic effect on the flame retardancy of APP IFR system in
polymers (16, 17). So, APP was combined with two metal-
lic oxides (titanium dioxide (TiO2) and lanthanum trioxide
(La2O3)) to improve the flame retardant properties of EP
composites further.

In this paper, diglycidyl ether of bisphenol A (DGEBA)
was cured by m-Phenylenediamine, while EP/APP and
EP/APP/metallic-oxide composites are prepared. The
combustion characteristics of EP and IFR EP composites
were studied using LOI, UL 94, cone calorimeter and Laser
Raman Spectroscopy (LRS), etc. The thermo-oxidative
decomposition of the EP and IFR EP composites were
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Sch. 1. Structure of DGEBA, m-Phenylenediamine and APP.

carried out by thermogravimetric analysis (TG) and dy-
namic Fourier transform infrared (FTIR), respectively.

2 Experimental

2.1 Materials

Diglycidyl ether of biphenol A (DGEBA, E-44) was
purchased from Jiangsu Wuxi Resin Plant, China. m-
Phenylenediamine is obtained from Shanghai Chemical
Reagent Corporation, China. APP with an average degree
of polymerization n > 1000 was purchased from Hangzhou
JLS Flame Retardants Chemical Corporation. The struc-
tures of DGEBA, m-Phenylenediamine and APP are shown
in Scheme 1. Metallic oxides were supplied by Shanghai
Chemical Reagent Corporation.

2.2 Preparation of EP and IFR EP Composites

The base material used is a thermoset epoxy resin. The cur-
ing agent (m-Phenylenediamine) was mixed in an equiva-
lent ratio (wt/wt: 11.8/100) with DGEBA. Then APP and
metallic oxides were added into the matrix with different
ratio. The mixtures were cured in a mould at 80◦C for 2 h

and postcured at 150◦C for 2 h to obtain cured specimens.
The formulations of the samples are listed in Table 1.

2.3 Measurements

2.3.1. Limiting Oxygen Index
LOI was measured according to GB/T 2406-1993. The
apparatus used was an HC-2 oxygen index meter (Jiangn-
ing Analysis Instrument Company, China). The specimens
used for the test were of dimensions 70 × 6 × 3 mm.

2.3.2. UL-94 Testing
The vertical test was carried out on a CFZ-2-type instru-
ment (Jiangning Analysis Instrument Company, China) ac-
cording to the UL 94 test standard. The specimens used
were of dimensions 130 × 13 × 3 mm.

2.3.3. Thermogravimetry (TG)
Each sample was examined under air flow on a DTG-60H
apparatus (Shimadzu Company) at a heating rate of 10◦C/
min.

2.3.4. Cone Calorimeter
The combustion tests were performed on the cone calorime-
ter (Stanton Redcroft, UK) tests according to ISO 5660

Table 1. Formulations, LOI and UL 94 results of EP and IFR EP composites

Sample Code APP (wt%) TiO2 (wt%) La2O3 (wt%) LOI values (%) UL 94 rating

EP 0 0 0 25.5 ± 0.5 N.R.
EPA10 10 0 0 30.0 ± 0.5 N.R.
EPA20 20 0 0 38.0 ± 0.5 V-0
EPT-1 19 1 0 38.0 ± 0.5 V-0
EPT-2 18 2 0 38.5 ± 0.5 V-0
EPT-3 17 3 0 39.0 ± 0.5 V-0
EPL-1 19 0 1 39.0 ± 0.5 V-0
EPL-2 18 0 2 39.5 ± 0.5 V-0
EPL-3 17 0 3 39.5 ± 0.5 V-0
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standard procedures, with 100 × 100 × 3 mm specimens.
Each specimen was wrapped in an aluminum foil and ex-
posed horizontally to 35 kW/m2 external heat flux.

2.3.5. Laser Raman Spectroscopy (LRS)
The Raman spectra were recorded at an ambient temper-
ature using a LABRAM-HR laser Raman spectrometer,
with excitation provided in backscattering geometry by a
514.5 nm argon laser line.

2.3.6. Dynamic Fourier Transform Infrared Spectra
The samples were mixed with KBr powders, and the mix-
ture were pressed into a tablet. The Fourier transform in-
frared (FTIR) spectra of samples were recorded using a
Nicolet MAGNA-IR 750 spectrophotometer.

Dynamic FTIR spectra were recorded using above spec-
trophotometer equipped with a ventilated oven having a
heating device. The temperature of the oven was raised at
a heating rate of about 10◦C/ min. Dynamic FTIR spectra
were obtained in situ during the thermo-oxidative decom-
position of the samples.

3 Results and Discussion

3.1 LOI and UL 94 Rating

The LOI values and UL 94 testing results of EP and IFR
EP composites are listed in Table 1. It can be seen that the
LOI value increases sharply when APP is added into EP.
The LOI value of the EP composite containing 20% APP
(EPA20) is as high as 38.0% and its UL 94 rating is raised
to V-0. However, pure EP can’t pass any rating and its LOI
value is just 25.5%. The above results show that APP is a
good flame retardant for EP.

The effect of the two kinds of metallic oxides on the
flame retardancy of the IFR EP composites is shown in
Table 1. It can be seen that the LOI values change little
with the increase of the loading of TiO2and La2O3. As we
known that, the results of LOI is not very accurate and
the uncertainty of LOI is ±1 in practice. From the data in
Table 1, it can be concluded that the addition of TiO2and
La2O3 have few effects on the LOI results of EP composites
containing APP.

3.2 Cone Calorimeter

The heat release rate (HRR) curves of EP, EP/APP and
EP/APP/La2O3 are shown in Figure 1.

EP is highly flammable. Associated data for EP are: Ig-
nition time (IT) =100 s, Peak HRR=1704 kW/m2.

The addition of APP in EP strongly decreases the HRR
values and leads to an advance in the time to ignition com-
pared to the virgin polymer. It is assumed that at the initial
stage of heating, due to the reaction between APP and EP,
the EP/APP composite (EPA20) decompose fast compared
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Fig. 1. HRR curves of EP, EPA20 and EPAL2.

with neat EP. Therefore, this makes the IT shortened and
leads to the formation of a char. This char layer can prevent
heat and oxygen from transferring into the matrix interior
and protect the underlying material on burning as other
papers mentioned (12–15). Associated data for EPA20 are:
IT=85 s, Peak HRR= 344 kW/m2.

The addition of La2O3 in EP/APP leads to a further ad-
vance in the time to ignition. Associated data for EPAL2
are: IT=75 s, Peak HRR= 344 kW/m2. Moreover, from
Figure 1, it is interesting to find that the EP has one sin-
gle peak, whereas, there are two peaks for EP/APP and
EP/APP/ La2O3.

The residues left after the cone calorimeter tests were
taken photographs with a digital camera. Figure 2 are the
photos of char residue of EP (a), EPA20 (b), EPAL2 (c).
As for EP, there is no efficient intumescent char formed
because EP almost decomposes completely. It can be seen
that EPA20 and EPAL2 can form good and coherent intu-
mescent char. The char is very black and thick.

3.3 Laser Raman Spectra

The structure of the intumescent char layer is very impor-
tant for the flame retardant properties of IFR composites.
Figure 3 shows the Raman spectra of residual char of EP,
EPA20 and EPAL2 left after the cone calorimeter test. All
spectra have two peaks at 1578 cm−1 (labeled G) and 1346
cm−1(labeled D). The D peak represents the disordered
graphite, such as the clusters of hexagonal rings. The G
peak has been assigned to the ordered graphite which orig-
inates from the ordered hexagonal rings consisting of con-
ducting sp2-bonded carbon (18). It is reported that relative
intensity ratio R of the D peak to the G peak is inversely
proportional to an in-plane microcrystalline size and/or an
in-plane phonon correlation length obtained from Raman
spectroscopy (19). From Figure 3, it can be seen that the
relative intensity ratio R is in the following order:
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Fig. 2. Photos of residual char of EP (a), EPA20 (b) and EPAL2 (c).

EP < EPA20 < EPAL2. Therefore, the size of carbona-
ceous microstructures from the sample is in the following
order: EP > EPA20 > EPAL2. Bourbigot and his cowork-
ers found that higher protective shield efficiency was related
to the smaller size of carbonaceous microstructures (20). It
can be conclusion that the addition of APP and La2O3 lead
to the formation of more compact char layer containing
smaller carbonaceous microstructures. These results are in
good agreement with the data of LOI, UL 94 test and cone
calorimeter.
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Fig. 3. Raman spectra of residual char of EP, EPA20 and EPAL2.

3.4 TG Analysis

The TG curves of APP, EP, EPA20 and EPAL2 are shown
in Figure 4. The two decomposition steps of APP were pre-
viously reported in the literature (21). The first step, which
begins around 270◦C, is encouraged by the elimination of
NH3 and H2O, leading to the formation of a crosslinked
polyphosphoric acid (PPA). The second step, above the
temperature of 520◦C, corresponds to further decomposi-
tion of PPA.

In regard to EP, it begins to lose weight at about 280◦C,
and degrades almost completely below 640◦C. From Figure
4, it can be seen that EPA20 shows a relatively weak thermal
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Fig. 4. TG curves of APP, EP, EPA20 and EPAL2.
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Fig. 5. FTIR spectra of EP at different pyrolysis temperature.

stability at lower temperature due to the reaction between
APP and EP. This reaction leads to the formation of char.
As a result, beyond the temperature of 423◦C, EPA20 is
more stable that EP. The residual weight of EPA20 at 800◦C
is 2.4%.

It also should be noted that the incorporation of La2O3
into EP/APP does not show significant effect on its thermo-
oxidative decomposition at lower temperature, but the
curve of EPAL2 shifts to higher temperature above 700◦C.
EPAL2 leaves 6.2% residual char at 800◦C, which is much
higher than of EP and EPA20. It can be drawn that the
addition of La2O3can improve the thermal stability of the
char which can retard the weight loss rate of the composite
at high temperatures.

3.5 Thermo-oxidative Decomposition

The details of the thermal oxidative behavior of materials
can be revealed by the dynamic FTIR. Figures 5 and 6 show
the dynamic FTIR spectra of EP and EPA20, respectively.

It can be seen from Figure 5 that the relative intensities
of characteristic peaks for EP are almost not changeable
below 200◦C. However, with the temperature increase, the
relative intensity of O H absorption band around 3420
cm−1 decreases gradually and nearly disappears completely
at 400◦C. The change of the band assigned to O H group
can be interpreted as the dehydration of the hydroxyl groups
in EP (22, 23).

The changes of C H absorption of aliphatic groups can
be used to evaluate the thermal stability of samples during
their thermal decomposition. From Figure 5, it is clear that
the intensities of the bands at 2966 and 2870 cm−1 (CH2
and CH3 asymmetric and symmetric vibrations) and 1460
cm−1(CH2 and CH3 deformation vibration of aliphatic
group) decrease gradually, while the pyrolysis temperature
up to 250◦C is due to the thermal oxidative decomposi-
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Fig. 6. FTIR spectra of EPA20 at different pyrolysis temperature.

tion of EP main chains (24). This also can be testified by
the appearance of the new peak at 1733 cm−1 assigned to
C O at about 250◦C (23). Between 300∼400◦C, the main
chains of EP are broken rapidly. When the temperature is
above 450◦C, all peaks nearly disappear, meaning that the
EP resin decomposes completely.

Compared with EP, the thermal oxidative processe of
EP/APP composite (EPA20) is much more complicated.
Above 200◦C the intensity of the strong and broad peak
around 3230cm−1 assigned to O-H and NH+

4 begins to
decrease (22, 23). This indicates that the composite begins
to release water and ammonia due to the reaction between
APP and EP. Moreover, the intensities of the peaks for CH2
and CH3 decrease gradually above 200◦C and a new peak
at 1733 cm−1 assigned to C O appears at about 250◦C. The
above results demonstrate that the main chains of EP are
broken. It is interesting to find that between the range of 300
and 500◦C, the shape of spectra show few change. It may be
related with the formation of stable structures containing
P O P and P O (1288, 1088, 881 cm−1) complexes (25).

The above data provides positive evidence of the flame
retardant mechanism: APP can release the acid and react
with EP at lower temperature to form a stable charred layer
in the condensed phase. The char slows down heat and
mass transfer between the gas and condensed phases and
protects the underlying polymer on burning. These results
are in agreement with the data of TG, LOI and UL 94.

4 Conclusions

In this work, APP used alone in EP can reach V-0 at the
additive level 20%. The results of TG and cone calorimeter
show that the presence of APP can promote the formation
of intumescent charred layers and improve the thermal sta-
bility of EP at high temperature.
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The addition of APP and La2O3 lead to the formation of
more compact char layer containing smaller carbonaceous
microstructures.

The thermo-oxidative decompositions of EP and
EP/APP are also evaluated by dynamic FTIR. The results
show that APP and EP can form a stable charred layer in
the condensed phase and prevent the underlying polymeric
from further decomposition during combustion.
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