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a b s t r a c t

A series of intumescent flame-retardant epoxy resins (IFR-EPs) were prepared only by adding a 5 wt%
total loading of ammonium polyphosphate (APP) and metal compounds. All the samples could achieve V-
0 rating and did not generate dripping during UL-94 testing. The limiting oxygen index (LOI) values of the
samples with 4.83 wt% APP and 0.17 wt% CoSA increase from 27.1 to 29.4, compared with epoxy resin
containing 5 wt% APP. The samples also showed excellent water resistance of flame retardancy in 30 �C
and 70 �C water for 168 h. The LOI results show that the composition of metal compounds (metal ions
and ligands/anions) and the mass ratios of APP to metal compounds affect the flame retardancy of the
samples. TG results indicate that the catalytic effect of CoSA on the decomposition of both APP and the
epoxy resins containing APP is better than that of CuSAO. The fire behavior of epoxy resin and epoxy
resins containing APP with/without CoSA were investigated by cone calorimeter. Cone calorimeter
parameters of the samples such as HRR, THR, TSP and COP indicate that the addition of APP and CoSA
improves the fire safety of epoxy resin significantly, and CoSA shows an obvious catalytic effect.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins are widely used in laminating, adhesive, coating, and
casting fields due to their dimensional stability, satisfactory mechan-
ical properties, suitable weather, chemical and thermal resistance [1].
However, its lack of flame retardancy limits its more extensive appli-
cations where high thermal stability and flame retardancy are needed.
The flame retardancy of epoxy resins can be improved by introducing
flame-retardant elements such as halogen, phosphorus and silicon
into epoxy resins or curing agents [2,3]. Halogen-containing flame
retardants are reported to be effective flame retardants for various
polymer materials including epoxy resins. However, some of them are
restricted to use due to their generating dense toxic smoke and
corrosive products during combustion [4]. Therefore, the preparation
of halogen-free flame retardants is the subject of extensive investi-
gations. A number of halogen-free flame retardants used for epoxy
resin are reported, including epoxy monomers [5–10], cure agents
[10–13] and additives [14–17].
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Intumescent flame-retardant additives have aroused a great
deal of attention. Generally, three kinds of components are incor-
porated into formulations to obtain intumescent flame retardancy:
an acid source, a carbonization agent and a blowing agent [18,19].
Most of the epoxy resins with intumescent flame retardants are
used as coatings [20–22], and they can also be used as thermoset
plastics [9,14,23]. As we all know, epoxy resins cured with ami-
dogen group contain a large number of hydroxyl (OH) groups and
nitrogenous groups, which can be considered as both carbonization
agent and blowing agent. In our previous work [24], we investi-
gated a new intumescent flame-retardant epoxy resin system, in
which epoxy resins cured with low-molecular-weight polyamide
were used as carbonization agent and blowing agent, and ammo-
nium polyphosphate was used as acid source.

However, the high loading level of flame retardants is the major
problem for halogen-free flame-retardant system, especially for
intumescent flame retardants. Recently, metal compounds were
used as synergistic agents for improving flame-retardant efficiency
of intumescent flame-retardant system [25]. Most of these inves-
tigations were still concentrated on flame retarded polyolefin with
ammonium polyphosphate and pentaerythritol system [26–32].
Also, some of the reports related to synergistic effect between
metal compounds and intumescent flame retardants for other
polymer materials such as cotton fabric [33], polyvinyl chloride
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Fig. 1. Structure of metal compounds.
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[34], polycarbonate [35], polyvinyl alcohol [36] and polyamide [37].
We also noticed that an easier approach for preparation of flame
retarded epoxy resins had been reported recently. In these reports,
ammonium polyphosphate [24,38] or melamine phosphate [39]
was used as flame retardant for epoxy directly and acceptable flame
retardancy was obtained.

However, to the best of our knowledge, there are few reports
about the effect of metal compounds on flammability of flame-
retarded cured epoxy resin by APP. In the present work, a series of
intumescent flame-retarded epoxy resins have been prepared by
using APP and metal compounds as flame retardants, and the total
loading of flame retardants were kept at 5 wt%. Indeed, the focus in
this investigation is to study the effect of APP and metal compounds
on flame retardancy of cured epoxy. Herein, flammability and fire
behavior of samples were evaluated by LOI, UL-94 vertical burning
test and cone calorimeter, respectively. The thermal stabilities of
the systems were also studied by thermogravimetric analysis
(TGA).
2. Experimental

2.1. Materials

Diglycidyl ether of biphenol A (E-44) was provided by Wuxi
Resin Factory of Xingchen New Chemical Material Co. Ltd (Wuxi,
China). Low-molecular-weight polyamide (LWPA) was purchased
from Haitian Chemical Reagent Co. Ltd (Hunan, China). Ammo-
nium polyphosphate (APP) was supplied by Changfeng Chemical
Corp. (Shifang, China), and the degree of polymerization of APP is
Fig. 2. The effect of different metal compounds on LOI values with APP.
more than 50. Ni(II), Co(II) and Cu(II) complexes were synthesized
in our laboratory [30–32,36,40]. Ni(II), Co(II) and Cu(II) acetate
salts were supplied by Kelong Chemical Reagent Corp. (Chengdu,
China). The metal compounds used in this paper are summarized
in Fig. 1.
2.2. Preparation of flame-retardant epoxy resin samples

The cured epoxy resins were obtained by thermal curing.
Intumescent flame retardants (IFR) were prepared by mixing
ammonium polyphosphate with metal compounds in a certain
weight ratio. Epoxy resin (E-44), low-molecular-weight polyamide
and IFR were mixed together while the total content of IFR was
kept 5 wt%. Finally, the composites were cured for 12 h at room
temperature and for 5 h at 80 �C, and then the solid products
were obtained.
2.3. Characterization

The limiting oxygen index (LOI) values were measured on an
HC-2C oxygen index meter (Jiangning, China) with sheet dimen-
sions of 130 mm� 6.5 mm� 3.2 mm according to ASTM D2863-97.

The vertical burning test (UL-94) of samples was conducted on
a CZF-2 instrument (Jiangning, China) according to ASTM D 3801
testing procedure. The samples were made to a size of
125 mm� 12.7 mm� 3.2 mm.

Thermogravimetric analysis (TGA) was conducted on TAQ500
V6.4 Build 193 thermal analyzer at a heating rate of 10 �C/min.
Samples were heated in the temperature range from room
temperature to 700 �C under air at a flow rate of 60 ml/min.

Water resistance of flame-retardant epoxy resin was measured
in an 800 ml beaker according to GB 11547-89.

The fire behavior of epoxy resins was characterized by cone
calorimeter under a heat flux of 35 kW/m2 with the sheet dimen-
sions of 100 mm� 100 mm� 6.0 mm according to ISO 5660.
Table 1
Effect of mass ratio of APP to CoSA on the flame retardancy of IFR-EPs with 5 wt% of
total loading.

Sample APP:
CoSAa

Content of
APPb (wt%)

Content of
CoSAb (wt%)

LOI (%) UL-94 Dripping

EP – 0 0 19.6 N.R. Yes
EP–APP – 5.00 0 27.1 V-0 No
EP–APP–CoSA1 149:1 4.97 0.03 28.0 V-0 No
EP–APP–CoSA2 59:1 4.92 0.08 28.4 V-0 No
EP–APP–CoSA3 29:1 4.83 0.17 29.4 V-0 No
EP–APP–CoSA4 19:1 4.75 0.25 28.4 V-0 No
EP–APP–CoSA5 14:1 4.67 0.33 28.7 V-0 No
EP–APP2 – 12.50 0 28.9 V-0 No

a Mass ratio.
b Calculated based on the mass ratio of APP to CoSA.



Table 2
Flammability of IFR-EP samples dipped in 30 �C and 70 �C water for 168 h.

Sample LOI (%) DLOI (%) UL-94 Dripping

EP–APP–CoSA3 29.4 – V-0 No
EP–APP–CoSA3-30 �C 29.0 0.4 V-0 No
EP–APP–CoSA3-70 �C 28.7 0.7 V-0 No
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3. Results and discussion

3.1. Flammability

The LOI values and UL-94 test are commonly used to estimate
the ignition retardancy of materials. In this section, firstly we
investigated the effect of different metal compounds and APP on
LOI values, and the results are shown in Fig. 2. From these results,
a noticeable case is that substrate structure of metal compound has
a significant effect on flame-retardant efficiency. For example, LOI
values of IFR-EPs–MSA and IFR-EPs–M(Ac)2 are higher than those of
IFR-EPs with M(AcAc) and MSAO, while the mass ratio of APP to
metal compounds is kept constant (29:1). The reason for this case
may be corresponding to the relationship between the structure
and catalytic efficiency. Moreover, the metal element in the
compound also affects flame retardancy of IFR-EPs with metal
compounds. In fact, there are also some reports about this
phenomenon in the literatures [25,26,30,31]. However, in this
study, the case seems more complex, and has no regular sequence
for the different compounds. The main reason, actually, is that there
are two factors, metal elements and their chemical structures, that
influence the catalysis of the compounds simultaneously. For
vertical burning test, V-0 rating for all samples can be achieved
easily and no dripping can be observed during testing.

In addition, the effect of the mass ratio of APP to CoSA on LOI
values is also investigated. The results of LOI values and UL-94 test
of IFR-EPs are given in Table 1, in which the total amount of APP and
CoSA is still 5 wt%. Compared with IFR-EP only containing APP, the
LOI values of IFR-EPs containing CoSA increase from 27.1 to 29.4.
However, the LOI values decrease while the mass ratio of APP to
CoSA is lower than 29:1, indicating that there are synergistic effects
between APP and CoSA and their optimal ratio is 29: 1. It can be
observed that the flame retardancy of EP–APP–CoSA is better than
that of EP–APP2 containing 12.5 wt% APP from Table 1, indicating
the synergistic effect between APP and CoSA is obvious. All samples
of IFR-EPs could achieve V-0 rating and did not generate dripping
Fig. 3. TG curves of IFR-EPs
during UL-94 test. Therefore, the mass ratio of APP to metal
compounds and the composition of metal compounds would affect
flame retardancy of IFR-EPs.
3.2. Water resistance of intumescent flame-retardant epoxy resins

From Table 2, the flame retardancy of EP–APP–CoSA3 could
satisfy the actual demand for applications. However, water solu-
bility of IFRs (typically APP, melamine and pentaerythritol) leads to
the leaching of IFRs from the polymer matrix for applications under
moisture or in water condition, thus the reduction of properties of
materials such as flame retardancy, electrical insulation cannot be
avoided [41]. The water resistance of IFR-EPs containing APP and
CoSA was investigated in 30 �C and 70 �C water for 168 h and the
flammability test results are presented in Table 2. It can be seen that
the LOI value of EP–CoAPP3 is 29.0 after treated in 30 �C water for
168 h and just decreases by 0.4 units. It is very surprising that the
LOI value of EP–CoAPP3 is 28.7 in 70 �C water after168 h and only
decreases by 0.7 units. As we all know, crosslinked network
structure of epoxy resins is formed during curing. Thus, it is not
easy for APP and metal compounds to leach from epoxy resins,
which may be the reason why flame retardancy of IFR-EP is still
kept after treated in 70 �C water for 168 h. The results indicate that
the flame retardancy of IFR-EPs can be kept under moist condition
and IFR-EPs can be fitted to applications.
3.3. Thermal decomposition behaviors

TGA measurements can serve as useful indicators for polymer
flammability [42]. Figs. 3 and 4 show TG and DTG curves of IFR-EPs
and pure epoxy resin, and the main information of TG results is
summarized in Table 3. Compared with TG curves of IFR-EPs and EP
in Fig. 3, IFR-EPs show an obvious decrease in thermal stability
below 413 �C and a significant increase in thermal stability over
413 �C. We can see that EP decomposes rapidly in the temperature
range from 300 �C to 500 �C, generating an amount of fuel for
combustion, which is the main reason for the flammability and
large soot/smoke production of EP. However, the thermal decom-
position rates of IFR-EPs are lower than that of EP, which could help
to produce char to protect polymer matrix. From Fig. 4, it can be
seen that the thermal degradation process of IFR-EPs and EP could
be separated into two main steps. At the first step, APP could
decompose under heat to yield polyphosphoric acid, water and
and pure epoxy resin.



Fig. 4. DTG curves of IFR-EPs and pure epoxy resin.
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ammonia; and polyphosphoric acid could react with the hydroxyl
of cured epoxy resin to produce crosslinked phosphate ester. The
resulting residues at the first step would decompose further to
yield a lacunaris and compact char coating surface of the material,
which can protect the polymer matrix effectively at the second step.
We have discussed the thermal degradation mechanism of the
reactions between EP and APP by TG, FT-IR and XPS in detail in our
previous work [24].

Thus, we will mainly discuss the interaction between EP and
the mixture of APP with metal compounds and synergistic effect
between APP and metal compounds in this paper. From Table 3,
we can see that the onset degradation temperatures (Tonset) of IFR-
EPs containing metal compounds are lower than that of EP–APP
and the Tmax1 (the temperature at the maximal degradation rate
at the first step of thermal degradation) of IFR-EPs containing
metal compounds decrease by about 5–11 �C compared with that
of EP–APP. The results of Tonset and Tmax1 show that the addition of
metal compounds could catalyze the degradation behavior of IFR-
EP, which is an evidence for synergistic effect between APP and
metal compounds. When TG curves of IFR-EPs in the temperature
range from 200 �C to 420 �C are compared, the degradation rate of
EP–APP–CoSA3 is quicker than that of EP–APP all through; the
degradation rate of EP–APP–CuSAO is quicker than that of EP–APP
firstly, and then the degradation rate of EP–APP–CuSAO is slower
than that of the others, indicating that the catalytic effect of CoSA
on degradation of EP–APP is better than that of CuSAO. The
residues of EP–APP–CuSAO at 400 �C and 500 �C are more than
that of EP–APP–CoSA, which also suggested that the addition of
CuSAO could not catalyze the degradation of IFR-EP effectively.
Relating with the results of LOI values, the degradation rate of EP–
APP–CoSA3 with high LOI value is quicker than those of EP–APP
and EP–APP–CuSAO. Therefore, the addition of CoSA affects the
able 3
G data of IFR-EPs and pure epoxy resin.

ample Tonset

(�C)
Tmax1

(�C)
Tmax2

(�C)
Weight of residue (%)

300 �C 400 �C 500 �C 600 �C 700 �C

P–APP 275 318 528 88.1 60.0 40.0 7.7 3.8
P–APP–

CuSAO
268 313 527 86.9 61.8 40.9 8.5 3.9

P–APP–
CoSA3

271 313 531 86.2 59.2 39.5 8.7 3.4

P 333 413 541 97.8 72.2 19.8 1.3 0.1
char-forming process, which occurs at the first step. However,
a regular rule could not be found from the degradation of IFR-EPs
at the second step.

In order to investigate the synergistic effect between APP and
metal compounds further, we examined the mixture of APP with
CoSA or CuSAO by TG. Fig. 5 presents TG curves of APP, CoSA and the
mixture of APP with metal compounds (APP–CoSA, APP–CuSAO).
The calculated TG curve for APP–CoSA is given in Fig. 5. The mass
loss of APP–CoSA for the calculated TG curve is calculated from the
formula: mass loss of pure APP� content of APPþmass loss of
cured epoxy resin� content of cured epoxy resin. It can be
observed that TG curves of APP, APP–CoSA and APP–CuSAO are
almost the same below 600 �C in Fig. 5. However, we can see that
the decomposition rates of APP–CoSA and APP–CuSAO are quicker
than that of APP in the temperature range from150 �C to 420 �C.
From comparison of TG curves between Cal–APP–CoSA and APP–
CoSA, we can find that the addition of CoSA can catalyze signifi-
cantly decomposition of APP. The different catalytic effects between
CoSA and CuSAO on decomposition of APP can also be observed
above 600 �C from Fig. 5. Compared with CuSAO, CoSA could
accelerate the decomposition of APP obviously above 600 �C. More
information of TG is summarized in Table 4. The Tonsets of APP–CoSA
and APP–CuSAO decrease by about 24 �C compared with Tonsets of
APP, which is an evidence for catalysis of metal compounds. The
Tmax1 (the temperature at the maximal decomposition rate at the
first step of thermal decomposition) of APP–CoSA (292 �C) is lower
than that of APP (297 �C) while Tmax1 of APP–CuSAO (302 �C) is
higher than that of APP. It suggests that the catalytic effect of CoSA
on decomposition of APP is better than that of CuSAO, which may
be one of the reasons that the flame retardancy of EP–APP–CoSA is
better than that of EP–APP–CuSAO. However, at the second step of
thermal decomposition, the temperatures at the maximal decom-
position rate (Tmax2) of these samples are almost the same as
thermal decomposition of crosslinking of polyphosphoric acid
formed at the first step takes place mainly. The order of the residues
of APP–CoSA, APP–CuSAO and APP at 420 �C and 700 �C are the
same: APP>APP–CuSAO>APP–CoSA, which indicates that
the catalysis of CoSA on APP is better than that of CuSAO both at the
step of decomposition of APP and further decomposition at the next
step. Therefore, the catalysis of CoSA on the decomposition of APP is
better than that of CuSAO from TG results, which is the reason that
the flame retardancy of EP–APP–CoSA3 is better than that of EP–
APP–CuSAO.

3.4. Fire behavior

The cone calorimeter was used to investigate the effects of APP
and CoSA in various samples (EP, EP–APP and EP–APP–CoSA3) on
the fire behavior of the composites. Cone calorimeter is one of the
most useful bench-scale tests and provides a wealth of informa-
tion to simulate real-world fire conditions [43,44]. Fire risk of
materials can be investigated by cone calorimeter parameters
such as time to ignition (TTI), heat release rate (HRR), total heat
release (THR), smoke production rate (SPR), total smoke produc-
tion (SPR), carbon monoxide (CO) production and carbon dioxide
(CO2) production.

HRR is one of the most important parameters for predictor of fire
hazard [45]. Fig. 6 presents curves of heat release rate of EP, EP–APP
and EP–APP–CoSA3. It can be observed that pure epoxy resin burns
rapidly after ignition and HRR reaches a sharp peak with a peak
heat release rate (PHRR) of 939 kW/m2. It is very surprising
that PHRRs of EP–APP and EP–APP–CoSA3 are reduced remarkably
to 283 and 310 kW/m2, respectively, with only 5 wt% of loading
level. Based upon the shape of HRR curves of samples, it is indicated
clearly that EP is a typical non-charring material and EP–APP and



Fig. 5. TG curves of APP, the mixture of APP and metal compounds and CoSA.
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EP–APP–CoSA3 are typical charring materials [43]. The results
suggest that the addition of APP with/without CoSA can improve the
flame retardancy of epoxy resin significantly. Fig. 7 presents curves
of total heat release of the samples. It can be seen that THR values of
samples containing APP with/without CoSA are lower than that of EP
during testing, which is in accordance with the results of HRR.

However, HRR curves of EP–APP–CoSA3 and EP–APP are almost
the same during the first 390 s, and then HRR values of EP–APP–
CoSA3 are lower than that of EP–APP obviously as shown in Fig. 6.
We can also observe that THR values of EP–APP–CoSA3 are almost
the same as that of EP–APP during the first 450 s, but the THR values
of EP–APP–CoSA3 are lower than that of EP–APP clearly after the
450th second. Thus, the fire behavior of EP–APP and EP–APP–CoSA3
can be separated into two steps. It is known that intumescent flame-
retardant materials can produce gas, water and intumescent char
under heat or combustion, which can protect the underlying
materials [18]. For IFR-EPs with/without CoSA, the process of
charring is almost the same, and this is why the HRR and THR curves
of EP–APP and EP–APP–CoSA3 are almost the same at the first step.
However, the quality of char formed at the first step may be
different; the char of EP–APP–CoSA3 may be more compact than
that of EP–APP due to the synergistic effect between CoSA and APP,
which can protect underlying materials more effectively. That is the
reason for the lower HRR and THR values of EP–APP–CoSA3 than
that of EP–APP. Therefore, the effect of CoSA on fire behavior can be
observed clearly at the second step.

Cone calorimeter parameters are summarized in Table 5. The
order of time to peak HRR (TTPHRR) of samples is as follows: EP
(265 s)< EP–APP (325 s)< EP–APP–CoSA (355 s), which shows the
addition of APP and CoSA can delay TTPHRR. The average HRR (Av-
HRR) of EP–CoSA is lower than that of EP–APP though PHRR of EP–
CoSA is a little higher than that of EP–APP from Table 5, indicating
that there exists the synergistic effect between APP and CoSA for
flame-retardant epoxy resin.
Table 4
TG data of APP, the mixture of APP and metal compounds and CoSA.

Sample Tonset (�C) Tmax1 (�C) Tmax2 (�C) Weight of residue (%)

200 �C 420 �C 700 �C

Pure APP 269 297 589 98.1 79.2 36.4
APP–CoSA 244 292 590 97.0 77.5 27.4
APP–CuSAO 245 302 590 97.1 77.6 30.2
Pure CoSA 251 319 342 97.0 22.3 26.3
Cal–APP–CoSA 268 – – 98.0 77.3 36.1
The smoke and toxic gases such as carbon monoxide gener-
ated during combustion are the other two most important
factors concerning fire hazard. The higher smoke production is
attributed to the dehydrogenation effect leading to aromatic
volatiles in the flame, which results in a soot increase [46,47].
Fig. 8 presents total smoke production (TSP) of the samples. TSP
values of EP–APP and EP–APP–CoSA are much lower than that of
EP, which indicates the intumescent char acts as a physical
barrier in preventing soot/smoke from being formed underlying
materials. The TSP value of EP–APP–CoSA is lower than that of
EP–APP, which shows that the physical barrier of the intumes-
cent char of EP–APP–CoSA is more effective than that of EP–APP,
suggesting that the char of EP–APP–CoSA is more compact than
that of EP–APP. The results of total smoke production (TSP) are
according to the results of THR and Av-HRR, which shows that
there are the synergistic effects between APP and CoSA. The
reduction of smoke production suggests that more carbonaceous
material remains as char.

The curves of CO and CO2 production of samples are shown in
Figs. 9 and 10, respectively. Comparing CO production (COP)
curves of EP–APP with that of EP–APP–CoSA3 in Fig. 9, it can be
found that CoSA can reduce CO production after 360th second and
that the CO productions of EP–APP and EP–APP–CoSA are lower
than that of EP, indicating that addition of APP and CoSA can
reduce both flammability and fire toxic gases of epoxy resin.
Fig. 6. Heat release rate curves of IFR-EPs and pure epoxy resin.



Fig. 7. Total heat release curves of IFR-EPs and pure epoxy resin.

Table 5
Cone calorimeter parameters of IFR-EP sand pure epoxy resin.

Sample TTI
(s)

PHRR
(kW/m2)

TT-PHRR
(s)

Av-HRR
(kW/m2)

THR (MJ/
m2)

Mass loss
(%)

TSP (m2/
m2)

EP 64 939 265 261 179 95.6 58.1
EP–APP 61 283 325 134 111 63.5 25.6
EP–APP–

CoSA3
65 310 355 126 95 52.1 23.4

Fig. 9. CO production curves of IFR-EPs and pure epoxy resin.

Fig. 10. CO2 production curves of IFR-EPs and pure epoxy resin.
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A similar conclusion can be achieved for CO2 production (CO2P) of
samples from Fig. 10. Lower CO2P and COP suggest that more
residual mass remains during testing [48], or in other words, mass
loss becomes smaller. Fig. 11 presents the curves of the ratio of
CO2P to COP of samples. The curves of ratio of the CO2 to CO
production are gotten by CO2P/COP, which are presented in Fig. 11.
It can be observed that the values of EP–APP and EP–APP–CoSA3
are significantly lower than that of EP from Fig. 11, suggesting that
the more incomplete combustion of EP–APP or EP–APP–CoSA
occurred than that of EP, which is the result of protecting char
formed [43]. It is known that incomplete combustion leads to
more CO production, which is very dangerous in fire. However,
COP of EP–APP or EP–APP–CoSA3 is lower than that of EP from
Fig. 9, which is also the result of protecting char formed. From
Table 5, it can be seen that mass losses of EP–APP–CoSA3 (52.1%)
Fig. 8. Total smoke production curves of IFR-EPs and pure epoxy resin.
and EP–APP (63.5%) are much lower than that of EP (95.6%), and
mass loss of EP–APP–CoSA is lower than that of EP–APP, indicating
that the addition of APP and CoSA can greatly enhance the char
yield of the flame-retardant epoxy resin and that CoSA has an
obvious catalyzing-charring effect.
Fig. 11. CO2 production/CO production curves of IFR-EPs and pure epoxy resin.
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4. Conclusion

Flame retardancy of epoxy resin could be improved by adding
APP and metal compounds. The LOI values of flame-retardant
epoxy resins increase about 0–2.3 unit while total loading of APP
and metal compounds is 5 wt%. The highest LOI value of all samples
is 29.4 (EP–APP–CoSA3) while the mass ratio of APP to CoSA is 29:1.
It can be found that there are two important factors affecting
flammability of IFR-EPs from results of LOI testing: composition of
metal compounds including metal elements and ligands/anions,
and mass ratio of APP to metal compounds. The IFR-EP containing
APP and CoSA has good water resistance after treated in both 30 �C
water and 70 �C water for 168 h, and the LOI values of samples
decrease slightly (about 0.4 and 0.7 units). The comparison with TG
results between EP–APP and IFR-EPMs indicates that addition of
metal compounds can catalyze decomposition of EP containing APP
to produce noncombustible volatile gas in initial stage. The TG
results of APP, CoSA and mixture of APP and CoSA show that CoSA
has catalytic effect both in initial decomposition stage of APP and
later crosslinking of polyphosphoric acid. Thus, metal compounds
can enhance flame retardancy of epoxy resin containing APP. Most
of the cone calorimeter parameters of IFR-EPs with 5 wt% of total
loading of APP and CoSA are improved significantly compared with
those of pure epoxy resin. Those parameters such as HRR, THR, TSP,
TTPHRR and mass loss of EP–APP and EP–APP–CoSA3 indicate that
CoSA can enhance the flame retardancy of epoxy resins containing
APP.
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