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Epoxy resins (EPs) have been flame-retarded by an APP—MMT nanocomposite (ammonium poly-
phosphate montmorillonite nanocomposite) and an OPS/DOPO (octaphenyl polyhedral oligomeric sil-
sesquioxane/9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) mixture, respectively. The flame
retardancies and efficiencies of these systems have been investigated by LOI, UL-94, and cone tests. The
OPS/DOPO mixture (blowing-out effect) was found to be more efficient for improving LOI, UL-94, p-HRR,
and THR. However, 10 wt.% of the APP-MMT nanocomposite (intumescence mechanism) showed good
flame retardancy and higher efficiency in reducing TSR. The flame retardancy mechanisms of the APP
—MMT nanocomposite and the OPS/DOPO mixture have been investigated by TGA—FTIR, PY—GC/MS,
FTIR, and SEM analyses. The results indicate that the APP—MMT nanocomposite accelerated the
decomposition of epoxy resins, with most of the pyrolytic products consisting of small molecules.
Furthermore, the melt viscosities of the pyrolytic residues correspond to the rate of gas release, which
allows the formation of an intumescent and firm char layer. The OPS/DOPO mixture caused the epoxy
resin to decompose rapidly, giving complex pyrolytic products. Moreover, EP/OPS/DOPO rapidly pro-
duced —Si—0—C— or —Si—0—P(=0)—C— cross-linked structures in the condensed phase under the
action of heat, leading to formation of solid carbonaceous char. Because EP/OPS/DOPO decomposed
rapidly, the hard char layer could not swell to accommodate the released gases, and consequently
blowing-out could occur. The differences between intumescence and the blowing-out effect are caused
by differences in the structures of the char layers and the rates of gas emission.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphorus-containing compounds are important flame re-
tardants for epoxy resins. They impart flame retardancy through

Epoxy resins (EP) are very important thermosetting materials
owing to their excellent mechanical and chemical properties [1—3].
They are widely applied in advanced composite matrices in the
electronic/electrical industries, for which a highly flame-retardant
grade is required. The fire risk remains a major drawback of these
materials [4]. Halogen-containing compounds are effective flame
retardants for epoxy resins. Their effect relies on the pyrolysis
products of halogen-based flame retardants producing X+ (Cl* or
Br*) radicals and HX, which could scavenge the polymer degrada-
tion radicals (H* and *OH) in the gas phase, leading to an inhibition
of flame propagation [5]. However, due to environmental concerns,
some halogen-containing flame retardants have been gradually
prohibited [6,7].
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flame inhibition in the gas phase and char enhancement in the
condensed phase [8—10]. For example, ammonium polyphosphate
(APP) is very effective for the flame retardation of epoxy resins [11].
Its principal flame-retardancy mechanism is that of “intumes-
cence”, whereby flame retardants swell, bubble, and char on
exposure to a flame and the carbonaceous porous foamed mass acts
as a barrier to heat, air (0;), and pyrolysis products. This is a typical
condensed-phase flame-retardancy mechanism. However, the
intumescent char layer cannot be created without the cooperation
of appropriate gas release. Furthermore, the gas in the bubbles
could retard heat transfer more effectively than a solid char layer
[12—14].

Recently, our group reported a novel flame-quenching mecha-
nism termed the “blowing-out effect”, which was found in epoxy
resins flame retarded by DOPO-POSS, that depends on synergy
between the gas phase and the condensed phase [15,16]. The
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“blowing-out effect” has been described as follows: “after the
sample was ignited, it showed an unstable flame for several sec-
onds; with the pyrolytic gaseous products jetting outward from the
condensed-phase surface, the flame was extinguished, it looked
like the gas blew out the flame”.

The intumescence mechanism and the blowing-out effect both
depend on the synergy between the gas phase and condensed
phase. In this research, epoxy resins (EPs) have been flame retarded
by an APP—MMT nanocomposite and an OPS/DOPO mixture,
allowing detailed comparison of the intumescence mechanism and
the blowing-out effect. The respective combustion phenomena,
extinction processes, gas-phase species, and condensed-phase
structures have been investigated.

2. Experimental
2.1. Materials

Diglycidyl ether of biphenol A (DGEBA, E-44, epoxy
equivalent = 0.44 mol/100 g) was purchased from FeiCheng
DeYuan Chemicals CO., LTD. The 4, 4’-diaminodiphenylsulphone
(DDS) was purchased from TianJin GuangFu Fine Chemical Research
Institute. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) (Scheme 1) was purchased from Eutec Trading (Shanghai)
Co. Ltd. Octaphenyl polyhedral oligomeric silsesquioxane (OPS)
(Scheme 1) was synthesized in our laboratory with perfect Tg cage
[17]. Ammonium polyphosphate montmorillonite nanocomposite
(APP—MMT nanocomposite) (Scheme 1) was prepared in our lab-
oratory, which contain 6wt.% NaMMT [18].

2.2. Preparation of the cured epoxy resins

The cured epoxy resins were obtained using a thermal curing
process. At first, the flame retardants were dispersed in DGEBA by
mechanical stirring at 140 °C for 1 h and it would disperse in
DGEBA. The mixture is homogeneous liquid always. After that, the
curing agent DDS was then added relative to the amount of DGEBA.
The equivalent weight ratio of DGEBA to DDS was 9:2. The epoxy
resins were cured at 180 °C for 4 h. The LOI and UL-94 test samples
were strips. The contents of the flame retardant in the EP com-
posites are listed in Table 1.

2.3. Measurements

The limiting oxygen index (LOI) was obtained using the standard
GB/T2406—93 procedure, which involves measuring the minimum
oxygen concentration required to support candle-like combustion
of plastics. An oxygen index instrument (Rheometric Scientific Ltd.)
was used on samples of dimensions 100 x 6.5 x 3 mm?>. Vertical
burning tests were performed using the UL-94 standard on samples
of dimensions 125 x 12.5 x 3.2 mm?>. In this test, the burning grade
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Table 1
Composition of the investigated materials (wt.%).

Samples Cured epoxy APP—MMT OPS DOPO P content Sicontent
resins

Pure EP 100.0 / / / / /

EP/APP-MMT 94.8 10.0 / / =33 /

EP/OPS/DOPO  94.8 / 25 25 0.54 0.36

of a material was classified as V-0, V-1, V-2 or unclassified,
depending on its behavior (dripping and burning time).

Cone calorimeter measurements were performed according to
ISO 5660 protocol at an incident radiant flux of 50 kW/m? The
equipment is Fire Testing Technology apparatus with a truncated
cone-shaped radiator. The specimen (100 x 100 x 3 mm?) was
measured horizontally without any grids. Typical results from the
cone calorimeter tests were reproducible within +10%, and the
reported parameters are the average of three measurements.

To investigate the flame retardancy efficiency of APP—MMT and
OPS/DOPO, some calculations have been adopted. For the LOI, TTI,
p-HRR, THR and TSR, the changes of their values (flame retarded EP
composites minus pure EP) are divided by the content of flame
retardants or flame retardant elements. Furthermore, the influence
of matrix content changes has been considered for the calculated
function of the p-HRR, THR and TSR.

Thermal gravimetric analysis (TGA) was performed with a
Netzsch 209 F1 thermal analyzer, with the measurements carried
out in a nitrogen atmosphere at a heating rate of 20 °C/min from
40 °C to 800 °C. 10 mg samples were used for each measurement,
with a gas flow rate of 60 ml/min. The typical results from TGA were
reproducible within +1%, and the reported data are averages of
three measurements. To detect the gas species given off, the TGA
was coupled with a Fourier transform infrared spectrometer
(TGA—FTIR, Nicolet 6700). The connection between the TGA and
FTIR was effected with a quartz capillary held at a temperature of
200 °C.

Pyrolysis/gas-chromatograph/mass spectrometer (PY—GC/MS)
analysis were performed using a vertical micro-furnace type
double-shot pyrolyzer PY2020iD (Frontier Laboratories Ltd.,
Fukushima, Japan) attached to a GC/MS system (Agilent 6890). The
evolved gases from pyrolysis were transferred on line to a gas
chromatograph by using a capillary transfer line. The gas chro-
matograph was equipped with a low to-mid polarity-fused silica
capillary column (J&W Scientific) of 30 m x 250 um x 0.25 pm film
thickness. The oven temperature was held at 80 °C for 3 min and
then increased to 850 °C at 10 °C/min in the scan modus. The carrier
gas was helium at a controlled flow of 1 ml/min. The detector
consisted of an Agilent 5973 mass selective detector and electron
impact mass spectra were acquired with 70 eV ionizing energy.

To investigate the condensed phase of the EP composites, all the
cone calorimeter tests were stopped at 500 s. The residue was
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Scheme 1. Typical chemical structures of OPS, DOPO and APP—MMT nanocomposite.
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Table 2
Flame retardancy of EP composites.
Samples LOI (%) UL-94 (3.2 mm) Mechanism
t1(s) t2(s) Dripping Rating
Pure EP 23.0 >120 | Yes NR None
EP/APP—MMT  30.0 2 1 NO V-0 Intumescence
EP/OPS/DOPO  31.0 4 2 NO V-0 Blowing-out

cooled under room conditions. A sample of the exterior char of
about 1 cm thickness was ground and analyzed by FTIR (Nicolet
6700) in ATR mode.

Scanning electron microscopy (SEM) experiments were per-
formed with a Hitachi TM-3000 scanning electron microscope. The
samples for SEM were sputtered on the surface without gold.

3. Results and discussion

3.1. Flame-retardant actions of APP—MMT nanocomposite and OPS/
DOPO mixture

The effects of APP—MMT nanocomposite and OPS/DOPO
mixture on the LOI values of DGEBA/DDS resins are presented in
Table 2. When 10 wt.% APP—MMT was incorporated, corresponding
to a flame-retardant element content of 3.3 wt.%, the LOI value
increased from 23.0% to 30.0%. When 5 wt.% OPS/DOPO mixture
was used instead, corresponding to a smaller flame-retardant
element content of 0.9 wt.%, the LOI value of EP/OPS/DOPO
increased from 23.0% to 31.0%.

The results of UL-94 tests are shown in Table 2. The flame
retardancies of the EP resins were clearly improved with increased
loadings of APP—MMT or OPS/DOPO mixture. For pure EP, dripping
was observed, and self-extinguishing was not observed during the
UL-94 test. From Table 2, it is clear that the EP resin with APP—MMT
attained good flame retardancy, showing no dripping, quick self-
extinguishing, and a UL-94 V-0 rating. When the OPS/DOPO
mixture was used in the EP resin, the flame retardancy was also
clearly enhanced, with very short flame-out times (t; and t;) and
very rapid self-extinguishing being observed.

As we expected, the intumescence phenomenon was observed
in the EP/J/APP-MMT sample during the LOI and UL-94 tests,
whereas the blowing-out effect was observed in the EP/OPS/DOPO
sample during these tests. Fig. 1 shows photographs of sample bars
of the EP composites after UL-94 tests. In the case of the pure EP bar,

Fig. 1. Photo of bars after UL-94 test of pure EP, EP/APP-MMT and EP/OPS/DOPO.
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Fig. 2. Extinguishing process during the last seconds of high speed video for EP/
APP—MMT.

little char was formed at its end, and its thermally decomposing
surface was directly exposed. For EPJ/APP—MMT, intumescent char
was clearly seen to cover the bottom of the sample rod. This char
layer served to protect the unburned sample. For EP/OPS/DOPO, a
rigid char-brick with the same dimensions as the original sample
was observed. Similar char morphologies were obtained from
DGEBA/DDS and DGEBA/m-PDA resins flame-retarded by DOPO-
POSS in our previous research, which showed an obvious
blowing-out effect [19,20].

The intumescence mechanism and the blowing-out effect not
only yield residues with different morphologies, but their com-
bustion and extinguishing processes are also completely different.
Fig. 2 shows photographs of the last seconds of the combustion and
extinguishing processes for EPJAPP—MMT. It can be observed that
an intumescent char layer was created during the combustion. Due
to this layer, the flame was stable and remained on the surface of
the char. However, with time, the flame gradually decreased and
was eventually extinguished. The stable and decreased flame
indicated that the intumescent char layer protected the unburned

Fig. 3. Extinguishing process during the last seconds of high speed video for EP/OPS/
DOPO.
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Fig. 4. Heat release rate curves of the flame retarded EP composites.

matrix well, reducing the supply of flammable products from the
decomposition zone. Fig. 2 shows the extinction process of intu-
mescence flame retardancy in detail.

Fig. 3 shows photographs of the last seconds of the combustion
and extinguishing processes for EP/OPS/DOPO, from which a clear
and powerful blowing-out effect is evident. The flame from EP/OPS/
DOPO was mobile and several flames were observed on the char,
which emerged from holes in the surface and sprayed in different
directions. These “sting-outs” were caused by ignition of the jetting
pyrolytic gases. As shown in Fig. 3, the pyrolytic gases jetted out
very drastically from the char layer, such that the flame was pushed
off the surface and left the unburnt residue. When the jetting of the
gases was strong enough, the flame was extinguished immediately.
This is the typical blowing-out effect.

The flame-retardant actions discussed above indicate that the
intumescence mechanism and the blowing-out effect can impart
DGEBA/DDS resin with similar LOI values and UL-94 ratings.
However, as shown in Figs. 2 and 3, their flame-retardancy phe-
nomena and mechanisms are quite different.

3.2. Cone calorimeter analysis

Cone calorimeter tests were conducted to investigate the effects
of APP-MMT and OPS/DOPO on the fire behavior of DGEBA/DDS
resin. The measured combustion parameters included time to
ignition (TTI), heat release rate (HRR), peak of heat release rate (p-
HRR), total heat release (THR), total smoke release (TSR), and
average effective heat of combustion (AEHC).

TTI is used to determine the influence of a flame retardant on
ignitability. Clear increases in TTI were observed after loading EP
composites with APP—MMT or OPS/DOPO. Their TTI increased from
50 s to 60 s and 58 s, respectively. These increases in TTI are very
valuable for enhancement of the flame-retardancy properties of
epoxy resins.

Table 3
Cone calorimeter data for the EP composites.
Samples TTI(s) p-HRR THR TSR Residues Mean EHC
(kW/m?)  (MJ/m?) (m?*/m?) (%) (MJ/kg)
Pure EP 50 860 112 4182 7 31
EP/APP 60 393 33 1522 39 18
—MMT
EP/OPS/ 58 540 82 3786 12 23
DOPO

Table 4
The calculated function of each 1wt.% flame retardants.
Samples LOI (%) TTI(s) p-HRR THR TSR Mechanism
(kwjm?) (MJjm*) (m*/m?)
APP-MMT +0.7 +1.0 —38.1 —6.78 —224.2  Intumescence
OPS/DOPO  +1.6 +1.6 —55.4 —4.88 -374 Blowing-out

HRR curves of the DGEBA/DDS resins are presented in Fig. 4. It
can be seen that the pure EP burned rapidly after ignition and the
HRR reached a sharp peak with a p-HRR of 860 kW/m?. As shown in
Fig. 4 and Table 3, when 10 wt.% APP—MMT was incorporated, the
p-HRR of the DGEBA/DDS composite was clearly reduced from
860 kW/m? to 393 kW/m?, that is, by more than 50%. For DGEBA/
DDS with 5 wt.% OPS/DOPO, the p-HRR of the EP/OPS/DOPO was
reduced by about 37% from 860 kW/m? to 540 kW/m?. Another
promising result was that the EP/APP—MMT showed the lowest
THR, corresponding to about a 70% reduction due to the intumes-
cent flame retardancy. Meanwhile, the THR of EP/OPS/DOPO was
reduced by about 26% from 112 MJ/m? to 82 MJ/m? due to the
blowing-out effect. The smoke release data in Table 3 show that
APP—MMT significantly reduced the TSR of the EP resin from
4182 m?/m? to 1522 m?/m?. For EP/OPS/DOPO, however, the TSR
showed only a small reduction from 4182 m?/m? to 3786 m?/m>.
Thus, in this research, APP—MMT showed a better smoke sup-
pression effect than OPS/DOPO. This may be attributed to
APP—MMT increasing the char yield from the epoxy resin (TGA
section), resulting in lower smoke release. It is acknowledged that
phosphorus-containing flame retardants can exert a condensed-
phase effect as well as a gas-phase effect [21—23]. From Table 3,
it can be seen that the amounts of residue from EP/APP—MMT and
EP/OPS/DOPO were increased, whereas the AEHC were reduced
compared to those of pure EP. Thus, the flame-retardant effects of
APP—MMT and OPS/DOPO are partly exerted in the gas phase. We
also note that the AEHC of EP/APP—MMT was lower than that of EP/
OPS/DOPO. We assume that this was because EP/APP—MMT con-
tained 2.76% more phosphorus than EP/OPS/DOPO.

3.3. Flame-retardancy efficiencies of APP—MMT and OPS/DOPO

In cone analysis, APP—MMT (intumescence mechanism)
showed better flame retardancy than OPS/DOPO (blowing-out ef-
fect) in EP resin, as manifested in lower p-HRR, THR, and TSR.
However, it should be borne in mind that the content of APP—MMT
was 10 wt.%, of which the phosphorus content was about 3.3 wt.%,
whereas the content of OPS/DOPO was 5 wt.%, of which the phos-
phorus and silicon contents were only about 0.9 wt.%. Therefore,
the relative efficiencies of these flame retardants and their flame-
retardant element contents were investigated in detail. Tables 4
and 5 summarize the calculated functions of each 1 wt.% of flame
retardant or flame-retardant elements.

As shown in Table 2, 10 wt.% APP—MMT increased the UL-94
rating of EP resin from no rating to V-0. For the OPS/DOPO
mixture, just 5 wt.% addition was sufficient to obtain the same
result. As shown in Table 4, 1 wt.% of APP—MMT enhanced the LOI
value of EP resin by about 0.7%, whereas 1 wt.% of OPS/DOPO had a

Table 5
The calculated function of each 1wt.% flame retardant elements.

Samples LOI (%) TTI(s) p-HRR  THR TSR Mechanism

(kw/m?) (MJ/m?) (m?/m?)

-1155 -20.5
-307.8 -27.1

APP—MMT (P) +21 430
OPS/DOPO (P + Si) +89  +89

—679.3 Intumescence
—207.6 Blowing-out
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Fig. 5. Photographs of chars from EP composites after the cone calorimeter tests.

greater enhancing effect of about 1.6%. From the LOI and UL-94
results, we can conclude that the blowing-out effect due to OPS/
DOPO has higher flame-retardant efficiency for epoxy resins than
the intumescence mechanism due to APP—MMT. The cone analysis
data in Table 4 also indicate that OPS/DOPO showed higher effi-
ciency than APP—MMT in reducing the p-HRR. However, it is also
apparent that APP—MMT showed better efficiency than OPS/DOPO
in reducing the THR and TSR of EP resin. This result may be
attributed to the fact that 5 wt.% OPS/DOPO contained only 0.9 wt.%
phosphorus and silicon, which favors formation of a stable char
layer, whereas the 10 wt.% APP—MMT contained 3.3 wt.% phos-
phorus. As shown in Table 5, if we consider only the efficiencies of
the flame-retardant elements, OPS/DOPO showed better perfor-
mance than APP-MMT in terms of THR data. In terms of TSR,
APP—MMT showed better performance than OPS/DOPO. This may
have been due to the EPJ/APP—MMT forming a compact intumes-
cent char layer, as shown in Fig. 5, which could better protect the
unburned matrix and prevent smoke emission. For EP/OPS/DOPO,
however, the rapid release of pyrolysis products is advantageous for
the blowing-out effect to break the plate-like char layer, but also
causes more smoke emission.

This research on APP—MMT and OPS/DOPO is only a part of our
investigations of the flame-retardancy efficiencies of the intumes-
cence mechanism and the blowing-out effect, but from the ob-
tained results, we can conclude that the blowing-out effect has a
good flame-retarding effect on epoxy resins, which is due to a
mechanism distinct from that of intumescence.

3.4. TGA of the cured epoxy resins

In order to reveal the differences between the intumescent
mechanism and the blowing-out effect, the thermal stabilities of

the EP composites were investigated by TGA. The relevant thermal
decomposition data, including values of Tynset, defined as the
temperature at which 5% weight loss occurs; Tax, defined as the
temperature of maximum weight loss rate; and the char residue at
800 °C, are given in Table 6.

According to the TGA data, it is clear that both the APP—MMT
nanocomposite and OPS/DOPO mixture lowered the onset tem-
perature for epoxy resin decomposition. Furthermore, as shown by
the DTG curves, the decomposition rate of EP/APP—MMT was the
highest, the gas release rate being suitable to swell the char layer.
The large intumescent char layer of EP/APP—MMT (Fig. 5) created
during the cone test confirmed that APP-MMT promoted the
swelling process thereof and helped to create a layer with high
thermal stability. The fast gas release rate and the large amount of
residue are key features for the intumescent flame retardancy. For
EP/OPS/DOPO, Topset and Tpax Were a little lower than those of pure
EP, indicating that OPS/DOPO had a small effect on the thermal
stability of the EP matrix. However, as shown in the DTG curves in
Fig. 6, the decomposition rate of EP/JOPS/DOPO was a little slower
than that of pure EP. As shown in Fig. 1, the char layer of EP/OPS/
DOPO retained its original shape, without showing intumescence.
When this char layer cannot accommodate the abundant gas
emission, the pyrolytic gases will break through it and jet out.

Table 6
TGA data of EP composites in nitrogen.
Samples Tonset (°C) Tmax (°C) Residues at
800 °C (%)
Pure EP 398 444 12.3
EP/APP—MMT 347 376 30.6
EP/OPS/DOPO 380 414 20.8
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Fig. 6. TGA and DTG curves of EP composites in No.

Under these circumstances, the blowing-out effect will occur,
especially in UL-94 and LOI tests. The rate of gas release and the
structure of the char layer are important determining factors for the
occurrence of intumescent flame retardancy or the blowing-out
effect.

3.5. Analysis of the pyrolytic gaseous products

3.5.1. TGA—FTIR

In order to further investigate the differences between the
intumescence mechanism and the blowing-out effect, the pyrolytic
gas species from pure EP, EP/APP—MMT, and EP/OPS/DOPO were
tested by TGA—FTIR. The FTIR spectra of the pyrolytic gaseous
products at Tpax are shown in Fig. 7. The assignments of the
absorbance peaks are presented in Table 7.

The major pyrolytic gases detected from the decomposition of
EP/APP-MMT and EP/OPS/DOPO composites were phenol de-
rivatives/water (v = 3650 cm™ 1), aromatic components (v = 3036,
1604, 1510, and 1340 cm™ ), aliphatic components (v = 2972, 2930
and 2869 cm™!), and ester/ether components (v = 1748, 1257, and
1181 cm™1) [24]. These results indicate that the gaseous species
evolved from the flame-retarded epoxy resins were similar to those
from pure EP. As shown in Fig. 7, although the gaseous species from
the EP/APP—MMT composite were similar to those from the EP/
OPS/DOPO composite, the former produced some NHs (v = 967 and
932 cm™ 1), originating from its ammonium cations [18]. In addition,
no characteristic absorption bands due to phosphorus-containing
moieties were detected in the spectra of the gaseous products

A—— Pure EP 1510 1181
B—— EP/APP-MMT
C EP/OPS/DOPO
N
&>
3650 @
3
A
C
4000 35bo 30'00 2600 15100 10'00

Wavenumbers (cm™)

Fig. 7. FTIR spectra of pyrolytic products of EP composites at Tyax.

from APP—MMT or OPS/DOPO in the epoxy resin composites. It is
probable that some new absorption bands, for example at » = 1260
(P=0) and 1118 cm~! (—P—0—P—0-), coincide with the gaseous
products evolved by EP degradation.

Releases of aromatic and aliphatic components as a function of
temperature for the epoxy resin composites are shown in Fig. 8,
from which it is clear that those from EP/APP—MMT occurred
earlier than those from EP/OPS/DOPO. This result corresponds well
with the lower decomposition temperature of EP/APP—MMT
compared to that of EP/OPS/DOPO, as shown by the TGA traces in
Fig. 6. Furthermore, it is also apparent from Fig. 8 that the rates of
release of aliphatic and aromatic components from EP/APP—MMT
and EP/OPS/DOPO were different. Especially for the aliphatic
components, the rates of release from EP/OPS/DOPO were obvi-
ously faster than those from EP/APP—MMT.

3.5.2. PY-GCG/MS

Whereas TG—FTIR only provides information on the functional
groups present in the pyrolysis products, mass spectrometry can
reveal their precise composition. Thus, the exact compositions of
the EP/APP—MMT and EP/OPS/DOPO degradation products were
determined by PY—GC/MS. The volatilization profiles at maximum
release intensity of pyrolytic products, represented as ion current,
of the fragments originating from the thermal degradation of the EP
composites are shown in Fig. 9. Possible structural assignments are
listed in Table 8.

In Fig. 9, intense signals of species with different mass-to-charge
ratios (m/z) at the maximum release intensity of pyrolytic products
can be observed. The fragments at m/z 29 and 39 can be ascribed to
aliphatic components. Those at m/z 51, 65, 66, and 77 can be
ascribed to aromatic components. Phenol (m/z 94), methylphenol
(m/z 107), ethylphenol (m/z 119, 121), and bisphenol A (m/z 228,
213) can also be identified. In Table 8, we can only give partial
possible structures of the pyrolysis products as many isomers are

Table 7
Assignment of FTIR spectra of pyrolytic gases of epoxy resins.

Wavenumber (cm™!) Assignment

3650 O—H stretching vibration of Ca;—OH or water

3036 Car—H stretching vibration of aromatic compound

2972 R—CH,-R, R—CHj3 stretching vibration of aliphatic
components

1748 C=0 stretching vibration of compounds containing
carbonyl

1604, 1510, 1340
1257, 1181, 1052
817,754

aromatic rings vibration
C—O stretching vibration
Car—H deformation vibration
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Fig. 9. The mass spectrum of EP/APP—MMT and EP/OPS/DOPO at maximum pyrolytic products release intensity.

likely to be present. However, these pyrolysis products from the EP
composites correspond well to the TGA—FTIR results.

As shown in Fig. 9, the signals of the gaseous species from EP/
APP—MMT and EP/OPS/DOPO at maximum release intensity of
pyrolytic products were almost the same. However, the relative
concentrations of these gas species were different. For EP/
APP—MMT, the relative concentration of phenol (m/z 94) was the
highest, and those of the fragments at m/z 39, 66, and 121 were also

Table 8
Possible structural assignments in the PY—GC—MS of EP/APP—-MMT and EP/OPS/
DOPO.

m/z Structures m/z Structures

29 .EH or H3<:—EH2 o @OH

39 He=C-oH, 107 HZEQOH

51 o 119 m_®ﬂu

65 @ 121 ””_OA‘.”!

66 ﬁ 213 Ho—@/“‘:\@—w
77 @ 228 . O O .

high. The relative concentrations of the other fragments were very
low, and there were no obvious fragments at m/z > 200. This result
indicates that the molecular chain of EPJ/APP—MMT decomposed
completely into fragments of low molecular weight. For EP/OPS/
DOPO, the relative concentrations of phenol (m/z 94), ethylphenol
(m/z 119), and bisphenol A (m/z 213) were the highest and almost
the same. The relative concentrations of the fragments at m/z 39,
65, 77,107 and 134 were also high. Furthermore, larger fragments at
m/z 228, 251, and 269 could also be detected. These results indicate
that the pyrolytic products from EP/OPS/DOPO were complex and
contained some larger chain segments, in marked contrast to the
fragmentation of EP/APP—MMT.

Considering the different components of the pyrolytic products
from EP/APP—MMT and EP/OPS/DOPO, and their different decom-
position processes observed by TGA, we conclude that APP—MMT
nanocomposite causes EP to decompose more rapidly, with the
majority of the pyrolytic products being small molecules; larger
chain segments remain in the condensed phase and form the char
layer. This kind of char layer will swell under the action of appro-
priate pyrolytic gases. In this research, EP/APP—MMT was found to
create a perfect intumescent char layer to retard the flame. For the
EP/OPS/DOPO, OPS/DOPO mixture make EP decompose similar to
that of pure EP. This decomposition leads complex pyrolytic prod-
ucts, which contains micromolecule and big chain segment that
have been proved by the PY—GC/MS analysis. When the char layer
cannot contain the gaseous products, the pyrolytic gases will jet out
to produce the blowing-out effect. It is that the high instantaneous
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Fig. 10. FTIR spectra of the residues of EP composites after cone testing.

concentration of gaseous products leads the gaseous mixture above
flammability limits resulting in flame extinction.

3.6. Analysis of pyrolytic residues

FTIR spectra of the char residues are shown in Fig. 10. The only
absorbance of the external char of EP/APP—MMT is a broad band at
v = 1588 cm, indicating the formation of polyaromatic carbon
species [24]. No obvious P—0O or P=0 absorbances can be discerned
in the FTIR spectrum. The FTIR spectrum of the internal char from
EP/APP—MMT features peaks at » = 1581, 1440, 1171, 1082, 963, 893,

819, and 749 cm™!, which are characteristic absorption peaks of
pyrolytic residues of EP networks and APP, as reported in our pre-
vious papers [24,25]. Such residues with extensive EP networks
show lower viscosity than chars composed of polyaromatic carbon
species. SEM images of the char from EP/APP—MMT are shown in
Fig. 11. It can be seen that the interior char is honeycomb-like, with
numerous closed bubbles separated by very thin walls. The exterior
of the char shows a cracked layer that may have been broken by
heat and gas release. The internal honeycomb char layer could be
attributed to the low melt viscosity of the condensed phase, which
is suitable for swelling induced by gas release during combustion.

For EP/OPS/DOPO, the external char again shows a broad band at
v = 1588 cm ), indicating the formation of polyaromatic carbon
species. Furthermore, two absorption peaks at » = 1002 and
1072 cm™! can be ascribed to Si—0—Si—0 and —P(=0)—0—Si—
structures, respectively [19,20,26—29].

The internal residue from EP/OPS/DOPO shows no obvious ab-
sorption peak in its FTIR spectrum, which implies that it mostly
consists of inorganic carbon. Such residues tend to show high vis-
cosity, making them difficult to swell. As shown in Fig. 11, the
exterior char from EP/OPS/DOPO shows a continuous perforated
layer, whereas its interior char shows a continuous and rugged
phase, with microstructures containing fine pores. These mor-
phologies of the char layers may be attributed to the increased
viscosity of the condensed phase, and seemingly favor the blowing-
out effect.

3.7. Mechanistic interpretation

The main differences between the intumescence mechanism
and the blowing-out effect in retarding flames from EP may be
summarized on the basis of the above experimental results. In the

2014/04/10 12:33 H x100

1 mm | TM3000_

Fig. 11. Residue morphologies of EP composites.
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case of the intumescence mechanism, the EP/APP—MMT composite
decomposes early and rapidly. The viscosity of the pyrolytic residue
matches the rate of gas release, which favors the formation of an
intumescent and firm char layer. In the case of the blowing-out
effect, EP/OPS/DOPO rapidly produces —Si—O—C— or —Si—O—P(=
0)—C— cross-linked structures in the condensed phase under the
action of heat, leading to formation of solid carbonaceous char. As
EP/OPS/DOPO decomposes quickly, this hard char layer cannot
accommodate the gases and blowing-out will suddenly occur.
Hence, the differences between the intumescence mechanism and
the blowing-out effect are caused by the different structures of the
char layers and the rates of gas emission.

4. Conclusions

The intumescence mechanism and blowing-out effect are
observed when APP—MMT nanocomposite and OPS/DOPO mixture,
respectively, are used to flame retard epoxy resins. In this research,
both phenomena could make the LOI values of epoxy resins greater
than 30% and impart a V-0 rating in UL-94 tests. Furthermore, their
p-HRRs in cone tests were reduced by more than 37%. Due to the
different mechanisms, the APP-MMT nanocomposite and OPS/
DOPO mixture showed different efficiencies in improving the
studied burning parameters. Thus, the OPS/DOPO mixture
(blowing-out effect) showed higher efficiency for improving LOI,
UL-94, p-HRR, and THR. However, the APP—MMT nanocomposite
(intumescence mechanism) showed higher efficiency for
improving TSR.

TGA—FTIR and PY—GC/MS analysis have shown that the OPS/
DOPO mixture caused the epoxy resin to decompose fast, giving
complex pyrolysis products. Conversely, APP—MMT caused the
epoxy resin to decompose more rapidly, with the majority of the
pyrolytic products being small molecules. Analysis of the
condensed phase by SEM and FTIR confirmed that the intumes-
cence mechanism caused the EP/APP—MMT composite to decom-
pose earlier and rapidly. The melt viscosity of the pyrolytic residue
matched the rate of gas release, which favored the formation of an
intumescent and firm char layer. In the case of the blowing-out
effect, EP/OPS/DOPO rapidly produced —Si—O—C— or —Si—O—P(=
0)—C— cross-linked structures in the condensed phase under the
action of heat, leading to formation of a solid carbonaceous char.
Because EP/OPS/DOPO decomposed fast, this hard char layer could
not contain the released gases and blowing-out suddenly occurred.
Hence, the differences between the intumescence mechanism and
the blowing-out effect are caused by the different structures of the
char layers and the rates of gas emission.
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