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Abstract

In the present research, we have investigatedrialysis of gases generateader thermal decomposition of neat and
flame retarded DGEBA epoxy resin based on HGCP d&dixidyl cyclotriphosphazene). The use of
thermogravimetry coupled with Fourier transformraméd spectroscopy (TG-FTIR) has allowed the cantis
detection of a number of the most important fireega The morphology of samples during thermal dizgien have
been observed by way of scanning electron micros(8gM) coupled with Energy Dispersive X-ray (EDaf)alysis.
We have shown that 5% add-on of HGCP can impart B&SBL94 V-0 rating. IR data and thermal decompasiti
data show that HGCP accelerates the emission ohffaenmable gas and char forming of DGEBA. In didali, SEM
pictures indicate that HGCP promotes foaming arat expansion, and improve gullys on char surfaceels All
these fact were helpful to combine the gas actioth the condensed phase action (intumescent) for H@&&ne
retardancy.
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1. Introduction

DGEBA is a commonly used composite material premuasid has many excellent properties, such as diegttrical
resistance, good mechanical properties and higtkabdity under various processing conditions. Hoemvsince
DGEBA degrades easily at high temperatures, thefiadditives to improve thermal stabilization dlaine retardant
properties is an area of great interest.

Furthermore the increasing focus on the healtheamvitonmental compatibility of flame retardants liaawn
the attention to the halogen-free additives an@a@sfly to the organophosphorous reactive flamardaints [1].

Flame retardant agent based on cyclophosphazenexcatient fire-retardant properties, halogen feee
thermal stability due to the high content of nittagand phosphorus [2]. At present, a wide rangphalsphazene
flame retardant agents which contain hydroxyl, amicarbon carbonyl groups and other functional gsowere
synthesized and were studied as fire-retardantriabst§l-6].

We reported that thermal stabilization and flamtanded of DGEBA could be improved by a reactivenita
retardant such as hexaglycidyl cyclotriphosphazet@CP) [4].

It have been incorporated into DGEBA epoxy resinlgnding. Improvement in the thermal stability of
blended with 20% of HGCP has been reported [4].
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The work in this area, interest in the kinetic gei of gas evolving and the formation of char dgrihermal
degradation of (DGEBA/HGCP) blends, and its effectboth of gas action and condensed phase actidlarog
retardancy and self-extinguishability. The flamtardant efficiency of HGCP with a low amount in DB epoxy
resin is also discussed.

2. Experimental

2.1. Materials
Hexaglycidyl cyclotriphosphazene (HGC@igure 1) was synthesized according to the proeetiterature [4] 4,4'-
methylene-dianiline (MDA) (Aldrich chemical compgrgnd DGEBA (Epon828).
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Figure 1. Chemical structure oHexaglycidyl cyclotriphosphazene (HGCP).

2.2. Instrumentation
Thermogravimetric analysis (TGA) were carried oat an SETARAM thermogravimetric analyzer (The SETSYS
evolution) with a heating rate of 10°C/min betwe®om temperature to 1000 °C undes &tmosphere. Fourier
transform infrared (FTIR) spectra were obtaineshgsfertex70 FTIR spectrometer. UL 94 standarddasted out in
terms of the method proposed by Underwriter lalmoyatit was used to evaluate the fire retardanoperties of the
materials.

The microstructures of blends and the chars wexerded using “MEB ENVIRONNEMENTAL” scanning
electron microscope (SEM). And Energy Dispersivea}({EDX) analysis was used in order to assesgizsence of
phosphorus in residues.

2.3. Samples preparation

(HGCP/DGEBA) blends were warmed to melt and thénguagent added and mixed until homogeneous. T$ia-re
hardener mixture was then poured into preheatedsraid cured in a forced convection oven to makekss (Table
1). The mixture of the epoxy resin with 4,4’-md#ne-dianiline (MDA) curing agent before the cradghg is
carried out according to the protocol adopted byale[7].

Table 1: Formulations prepared of (DGEBA/HGCP) thermosett WIDA curing agent

Samples %DGEBA per | % HGCP per | Partsof MDA tothermoset 100g
100g of blend 100g of blend of (DGEBA/HGCP) blend (g)
1 100 0 29
2 95 5 29
3 90 10 30
4 85 15 32
5 80 20 33
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3. Results and discussion

3.1.Thermal proprieties of formulations of flame retaddDGEBA with HGCP.

The addition of the HGCP stabilizes DGEBA at higtemperature whatever its percentage in the foronlgFigure
2). The stage of major degradation of the formatai takes place between 233°C and 343°C. This dbasge
corresponds to partial degradation of the HGCP RGEBA with a weight loss of 43%. The second stadectv
proceeds between 343°C and 475°C is allotted taléigeadation of the residue formed at the firsgestand with that
of the DGEBA.
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Figure 2: TGA thermogram of samples: (DGEBA/0%HGCP/MDA), (DBA&5%HGCP/MDA),
(DGEBA/10%HGCP/MDA) et (DGEBA/15%HGCP/MDA). Analysiinder in N atmosphere at a 10°C rifimeating
rate.

These two stages of degradation, lead to the foomatf a significant amount of residue thermicastable
about 20% over 600°C for (DGEBA/5%HGCP/MDA) samplée reduction in the initial degradation tempematu
can be explained by the low stability of the P-@dhd and the release of the compounds birds.

Indeed, The IR spectra of char formed in the sestade of degradation for all formulations are Emand
showed a few new peaks at 1079-tmvhich might be ascribed to the generation of P;@nd appear at 500 °C. This
is in agreement also with the TGA data for our saspnd the previous study [4, 8, 9].

The appearance of P-O-P group is considered aliodoss linking to different species, resulting ihet
formation of complex phosphorus structures withdytieermal stability [10].

We can conclude that the addition of HGCP into D@Hiad an effect on thermal stability of the blernahil
the loading reached to 5%.

With only 5% of HGCP in blend we can observe arréase of the weight-loss temperature in the high-
temperature region. The result of a high char ya&id the formation of phosphorus-rich char in teeainposition of
sample which acts in the condensed phase promotiag formation on the surface as a barrier to iblghseous
products from diffusing to the flame and to shitfld polymer surface from heat and air.

This category of flame retarding mechanism is #tradwn as ‘intumescent’, in which materials swellemh
exposed to fire or heat to form a porous foamedsmasually carbonaceous, which acts in the condepbase
promoting char formation on the surface as a batdenhibit gaseous products from diffusing to ffeme and to
shield the polymer surface from heat and air [1]L-17

3.2 Flame retardancy properties of formulations (EEBA/HGCP/MDA)
It can be seen from Table 2 that HGCP is effedtivBame retarding DGEBA. With the addition amoumtreasing,
the formation of thermally stable residues of DGEBAreases notably. At a loading of 5%, the residsehes 20%
above 600°C, which is far higher than that of pDEBA. In addition, a loading of 5%, a V-0 gradelif94 can be
reached.

In view of flame retardant efficiency and econontie optimum addition amount of HGCP is from 5%.
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Table 2: Flammability data of the formulations samples ayWwL-94 test.

Formulations Curingagent  Dripping UL 94 rating " Remarks
DGEBA/0%HGCP MDA No V1 Vesirong black smoke
DGEBA/ 5%HGCP MDA No VO Ligbmoke
DGEBA/10%HGCP MDA No VO Ligétnoke
DGEBA/15%HGCP MDA No \/0] Ligétnoke
DGEBA/20%HGCP MDA No VO Light smoke

©) V-0 (vertical burn classification): Burning stopsthin 10 seconds. No flaming drips are allowed.nfiteg drips,
widely recognized as a main source for the spréfildmes, distinguish V1 from V2.

3.3 SEM-EDX and TGA-IR analysis of flame retard€&HBA with HGCP

SEM pictures of chars of DGEBA/HGCP/MDA are shownHigure 3. We can see from the pictures that tiere
formation of bubbles at interior surface startihg fist degradation in the range of 247-342 °CnfFthis period,
HGCP began to release non-flammable gases suc®adNE; and N.

At 300°C

At 300°C

e

At 200°C

At room
temperature

Figure 3: SEM images of inflammable gas evolution and chem&dion process for intumescent protection of bdrne
specimen of (DGEBA/HGCP/MDA) and its EDX analysis.
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These mentioned inflammable gases inside bubblascoeate gullys on the surface of sample which are
considered channels to dilute the hot atmospheateaal the pyrolysis zone at the combustion sutface

These mentioned inflammable gases can cut offupplg of oxygen [18-27]. This act is an agreemeitih the
results of the study of gases evolved during TG&grin air atmosphere by means of thermogravimebypled with
Fourier transform infrared spectroscopy (TG-FTIR}ich indicate the continues emission of non-flarhlaagases
such as C@during thermal degradation of sample (Figure 4).

The pores formed during charring are evident inufég3. However, HGCP is also able to limit the char
porosity, forming extensive glass-like surfaces atwbing some pores at higher temperatures (Figlreand so
limiting the access of oxygen to the undegradegmet and the expulsion of pyrolysis gases. Theselteindicate
that when char formation was promoted, the flanterdancy of cured DGEBA epoxy resin with HGCP lidke the
network was significantly increased.

This kind of structure is helpful for heat insutati and hindering of mass transfer. Thus, this kificchar can
effectively lower the temperature of polymer suaigrunder it and hinder gas exchange between @yperbnd
downlayer of it, and as a consequence improvel#meef retardancy of the material.

i
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Figure 4: FT-IR spectrum of gas evolved during TGA of sam(RI&GEBA/HGCP/MDA)in air atmosphere at a 10 °C
min® heating rate.

The phosphorus contents of blends at various testyorers were measured with EDX analysis, and aelis
Figure 3. While heating the blends from room terapge to 500 °C, the phosphorus contents in blémci®ased
steadily.

The results indicate that phosphorus element coeiidain exclusively in the residue during the thdrma
degradation. Combined with the results from FTIRIgsis, the formation of new structures with ridimopphorus in
the blends is crucial, which are more stable anéaa protective layer at elevated temperature.

4. Conclusion

When HGCP amount was added to DGEBA, the formatiotmermally stable residues were increased and e\e
94 V-0 ratings were obtained at reasonable amofifdaming about 5%, indicating that HGCP can beeéitient
additive-type flame retardant with an intumescemreforming. And no or little change in the amowftcharred
residue was observed with the addition of HGCP a8-ghase flame-retarding mode of action is beliggesork for
this compound. By creating the gullys on char stefahe regular emission of inflammable gas,@@d NH may be
responsible for gas-phase action which its aciltdedthe combustible gas.
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