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Abstract: Different phosphorous hardeners (PHS)
4,4'-diaminodiphenylether (DDE), 4,4'-
diaminodiphenylmethane (DDM) and 4,4'-
diaminodi phenylsulphone (DDS) were successfully
synthesized These PHs could be used as a better
choiceof curatives because of their inherent thermal
resistance and better organic solubility characteris-
tics. Using the PHs, a series of unmodified epoxy
(UME) compositesand clay modified epoxy (CME)

nanocompositeswere prepared. The UM E compos-
iteswere stableup to 468°C. The limiting oxygen in-
dex (LOI) of CME was higher than that of UME.
Thiswasdueto theflameretardancy obtained through
the synergistic effect of phosphorousand nanoclay in
the CM E nanocomposites.

Keywords. Resins, Cure; Thermomechanical;
Thermal properties.
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INTRODUCTION

Theareaof polymer/clay nanocompositeshasre-
ceived widespread interest in the past two decades.
Much effort has been centered on the devel opment
of epoxy/clay nanocomposites using normal and
organomodified clay minerals**. Epoxy—clay
nanocompositeisoneof themost potential materias
that have offered the prospects of emerging new hy-
brid materid with desired characterigicsusingtheclay
minerals for numerous applicationsg®”’!. Chemical
modification of epoxy matrix isakey stepinmaking
nanocompositesfor advanced materia applications.
One of the main drawbacks hindering these applica-
tionsisthelow thermal stability of epoxy molecules.
Thismakesthese materialsunserviceableat higher
temperatures® !, Theincorporation of phosphorous
mol ecules asa part of the backbonein engineering
plasticshave showed increased flameretardation, high
char formation and low rates of heat release prop-
ertyt?, Inthis paper, we have adopted aunique ap-
proach towards increasing flame retardance and
toughness of epoxy materials by employing newly
synthesised PHs. The PHshavingamino group at one
end, aidsthecrosdink network formation and theethyl
groups available at the other end is capable of
compatibilizing the hydrophobic segments like
polydimethylsiloxane polymersinto DGEBA-epoxy
resins. Thustheenhanced toughness, thermd stability
and bonding strength property of thematerialshave
been reported by ug®.

The major objective of the present study isto
investigatetheeffect of PHs primarily ontherma and
mechanical propertiesin UME and CME materials.
Here, we have reported the synthesisand character-
ization of the PHs prepared using diethylchlorophos-
phate and three diamines (DDE, DDM and DDS).
Series of CME nanocompositeswere then prepared
by blending with the clay. The chemical
functionalization of P-hardener with epoxy resinsand
montmorillonitewas carried out to improve heat re-
sistance property, viscoel astic behavior and flame
retardancy of the CME materids Wehaveexclusvely
studied thethermomechanical and thermal degrada:
tion kinetic mechanisms of UME and CM E materi-
as

EXPERIMENTAL

Materials

Diethylchlorophosphate, diaminodiphenyl-
sulphone, diaminodi phenyl methane, diaminodi phe-
nylether, triethylamineand NANOMER1.30E (MMT
clay surface modified with octadecyl amine, apri-
mary aminebase) wasobtaned fromAldrichand used
asreceived. Tetrahydrofuran and ethyl acetatewere
supplied by SD finechem. India. Diglycidylether of
bisphenol Aresin (DGEBA, LY 556, EEW 180-185,
density 1.23, refractive index 1.57, and viscos-
ity~10,000 CP) was supplied by Ciba specialty
chemicasindia

Characterization

TheFTIR spectrawere obtained using aNicol et
(model 20D X B) spectrophotometer with KBr pel-
letsfor solid specimenswithin scanning range of 400-
4000 cm™. Themicrostructureand theextent of dis-
persion of the nanoclay particlesin the epoxy matrix
wereinvestigated using awide angle X-ray diffrac-
tion (WXRD). The WXRD measurement of the
sampleswas performed at the rate of 2°/min with Cu
K radiation (A\=1.5401A°) at a generator voltage of
40kV and current of 100mA.. Thethermogravimetric
analyses(TGA) were performed usingaTA Instru-
ments Q50 under air atmosphere at aflow rate of 60
mL/min. Thesampleswereheated from 40° to 800°C
at aheating rate of 20°C/min. The storage modulus
and glass transition temperature (Tg) of the
nanocompositeswere measured with dynamic me-
chanicd analyss(Netzsch proteus) ina3-point bend-
ing mode. The analyses were performed at a fre-
quency of 1 Hz and atemperaturerangeof 40- 250°C
a aheatingrate of 3°C/min.

Synthesisof P-hardeners

Diethylchlorophosphate (34.51g, 0.2mole) dis-
solved intetrahydrofuran (50 ml) wascharged into a
ice cooled 250ml-3-neck round bottom flask
equipped with amagnetic stirrer, thermometer and a
nitrogen inlet. To this, 49.6g (0.210mole) of
diaminodi phenyl-sulphonedissolved in40ml THFwas
added dropwiseand stirred. A 37.44g (0.217mole)
of triethylaminewas then added slowly and stirred
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continuoudy for 3h. Thetriethylammonium bromide
salt asabyproduct was settled to the bottom of the
flask. Theliquid phase containing the product was
collected by filtration. The formation of
diaminodi phenyisul phono-diethyl phosphate (DDSDP)
product was confirmed by FTIR and *H spectra
analysis. Yield: 85%; Mol.wt:384. Similarly,
diaminodiphenylmethane-diethyl phosphate
(DDMDP) (Yield: 88%; Mol.wt: 335), and
diaminodiphenyl ether-diethyl phosphate (DDEDP)
(Yield: 79%; Mol .wt:337) was synthesi zed by react-
ing diethyl chol orophosphatewith diaminodiphenyl-
methane and diaminodiphenyl ether respectively.

Formulationsof UME system

Blends of DGEBA and DDSDP or DDMDP or
DDEDPweremadeemployingthesameequivadent ra-
tios. Thedetailsof theblendsweregivenin TABLE 1

TABLE 1: Theblendsof DGEBA/P-hardener alonewere
denoted asUM E (Unmodified Epoxy) sysemsand theblendsof
DGEBA/P-har dener swith clay weredenoted asCM E (Clay
modified Epoxy) systems.

Sample Code
UME-DDSDP
UME-DDMDP
UME-DDEDP
CME-DDSDP
CME-DDMDP
CME-DDEDP

Epoxies
DGEBA
DGEBA
DGEBA
DGEBA
DGEBA
DGEBA

Curingagent MMT (1.30E) clay
DDSDP
DDMDP
DDEDP
DDSDP
DDMDP
DDEDP

5%
5%
5%

O O

Ol

DDs CH,

Bisphenol A

<H,

RESULTSAND DISCUSSION

Spectroscopic analysis
TheFTIR spectrum of dl P-hardener was shown

N SN i
H,C— CHr s GHC—CHz + HaNA~s NH-P-C,Hg

"
Py CHa-CH-CHZourn sy ulli2ZC-CH-CH2Z-N Heeemew N H-P-CoHs
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Scheme1: Reaction of DGEBA epoxy with P-har deners.

\

(Schemel).

Theblendswerethoroughly mixed at 120°Cinan
oil bethtoget ahomogeneousliquid. Thereactants were
melted, homogenized andweretrandferred toaprehested
open mold that was coated with silicon based sealant.
Siliconebased sed ant was coated on themold to ease
rel easing the samplesfrom themold after curing. The
mold was preheated to 120°C beforetransferringthe
reaction mixture. After themateria wastransferredto
themold, it was heated to 130°C and deairated under
vacuum for 0.5htodrivetheair bubblesintheformula:
tion. All theUME formulationswereheated to 140°C
and kept for 3h, 160°C for 2h and 180°C for 3h and
cured. Thenthecured laminateswereremoved fromthe
mold and curing was continued at 180°C for 2h. The
cured materia sobtained werecut to suitabledimension
required for characterization suchasphysicd, chemicd,
therma and mechanicd properties.

Formulation of CM E systems (Scheme 2)

Fifty parts of each epoxy and P-hardener were
heated at 120°C. Then 5% clay wasadded totheresin
bath and themixing wascarried out by mechanica shear
mixer. Themixer rotatesat 1000 rpm and themixing
wascarried out for another 2h. After uniformmixing of
clay andresin, respective hardener wasaddedintothe
resin- clay solution. All theformulationswere prepared
by usngsmilar conditionsadopted for preparing UME
cured maerias

O

l P-hardener

oH o

inFigure 1. Theabsorption bands of NH stretching
vibration of primary aminegroups(DDSDF, DDMDP
and DDEDP) were observed at 3439, 3407 and
3269cmt, and NH bending vibrations at 1629, 1603
and 1675 enrespectively. Thecharacteristic band for
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(sul phonegroup of DDSDPwasobservedat 1144cmr wasobserved. The presenceof bandsat 1200cn of\
1. The band at 2922 cm* of methylene group of P=0 group showed that the DECP had been grafted
DDMDP and theband at 1244 cnm* correspondingto  to theamine. The broad peak around 1428-1603 com
asymmetric stretch of aromatic ether groupof DDEDP ! represents C=C stretchin benzenerings.

Amine hydrogen bonding with clay Exfoliated epoxy-clay network
0

;
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Scheme?2: Epoxy cur ed networ kswith nanoclay with ther epresentation of well inter calated structur efor mations.
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Figurel: FT-IR spectraof DDSDP, DDM DPand DDEDP har deners.

The proton NMR spectra of three PHs were at 6.5-8.2, 6.5-7.2 and 6.4-7.8 respectively for
showninFigure2. TheNH protonsand primaryamine  DDSDP, DDM DPand DDEDPwere confirmed the
protons attached to the aromatic ring for DDSDP,  P-hardener structures.

2.5, and at 2.4, 2.2 and 2.4ppm respectively. The _ N
shift corresponding to methylene protonsat 3.7-4.9, Figure3showsthe XRD pattern of day modified
3.7-4.2 and 3.5-3.9, and methyl group protonsat  EPOXY Systemsof DDSDP, DDMDF, and DDEDP,
1.0-1.3, 1.2-2.0 and 1.1-2.0, and aromatic protons Theseepoxy filledwith organically modified day
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(parti clesdid not show thereflection peaksforthed  tactoidswerefound to beintherangeof 10 nm. The\
(001) plane due to the stacked clay layer arrange- TEM picture captured at 100nm magnification was
ment. Thisindicated that theclay hasmovedtoawell  showninFigure4.
intercal ated region and/or exfoliated region, wherethe ThisTEM morphologica observationwasin con-
interlayer spacing distance of theclay layershasbeen  Sistent withthe XRD analysiswhich showed the ab-
increased above 75 nminwhich Bragg’s law does ~ Senceof ordered structural patterns.
not obey™*. Nevertheless, thed (110) planeorienta  Thermogravimetricanalysis
tion pertained to theMMT wasfound around 2=20°
whosereflectionswerenot dependant on the distance of UME and CME systems. TheUME systems have

between thelayers. Theloss of orientation of thed . .
) . undergone singl e stagethermal degradati on process
(001) plane confirmsthe complete exfoliation of the andsimilar IDT behaviour around 319-365°C.

clay platel etswithinthe epoxy systems.

e
T

(&) ppm

Figure 5A and 5B represented the TGA curves

Figure 2 : 'H-NMR spectra of DDSDP, DDMDP and  Figyre 4 TEM picture of nanoclay (L30E, Nanomer)
DDEDP. disper sion at 100 nm magnification.

Epoxy/CIay/P—hardener Nanocomposites

—
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Figure3: XRD patternsof CME sytemsDDSDP,DDMDP . = s *
and DDEDP har deners. - 1\
. e 3 i >elizgoauor
TEM analysisof 1.30E nanoclay dispersion =

‘;\ B)
CME - DDEDP F

Theclay layers have dispersed into the nanosize a0

was studied usi ng transmi ssion e ectron microscopy loT: 315% : f‘_ijfl“\
(TEM). The 1.30E nanoclay dispersedin acetonewas 5 — - — =
found to befully delaminated and well dispersedin Tamparatura |"c)

the acetone solvent. The widths of the exfoliated F19ure 5 : TGA plots for (A) UME and (B) CME
nanocompostes
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Thiswasattributed to the homogeneity achieved
between DGEBA and PHs. Thedegradation occurred
around 350°C was dueto the degradation of chemi-
cd bondsof epoxy networks®™. Therelativethermal
stability of UME composites and CME
nanocompositeswascompared by their initid decom-
position temperatures (TABLE 2). In the case of
UME-DDSDP, the decomposition startsat 365°C.
Similarly for UME-DDMDPand UME-DDEDPthe
decompositionstartsat 337°C at 319°C respectively.
The presence of sulphonegroupsin UME-DDSDP
seemsto givehigher initid decompositiontempera:
ture over other systems. Thelowest IDT vaueof the
UME-DDEDP wasdueto the presence of theflex-
ibleether groups.

TABLE 2: TGA property of theUM E and CM E systems.
sample Ot Weight10s5(%) DT 9% Char Oxygen
C) 596 159 30% 45% 609 ("C) Yield index

UME-DDSDP 365 375 398 418 432 440 425 213 260
UME-DDMDP 337 363 388 403 415 446 355 269 26.3
UME-DDEDP 319 325 368 377 309 428 345 237 283
CME-DDSDP 346 351 385 495 430 442 420 220 287
CME-DDMDP 327 296 385 403 413 430 355 289 27.7
CME-DDEDP 315 330 370 394 411 448 403 255 27.9

Note: IDT: Initial decomposition temperature; % Weight
loss during heating under non isothermal mode; MDT:
Maximum decomposition temperature; % Char: Char
residue formed at 800 °C; LOI: Limiting oxygen index
obtained through the correlation studies with the char yield

quantity formed.

Theaddition of organoclay to theepoxies shifted
the decomposition temperaturetowards|ower tem-
peratures. Theinitial decomposition temperatures
(IDT) observed were 346°C for CME-DDSDP,
327°C for CME-DDMDP and 315°C for CME-
DDEDP. TheIDT and char yieldswerehighinthe
case of UM E was could be attributed dueto the pro-
tection of phosphorous moleculespresent inthe hard-
ener that acted asabarrier protecting from volatiliz-
ingtheepoxy polymer matrix. Similarly thehigher char
yields obtained in the CME confirmed the presence
of inorganic phaseslike SO, Al,O, and MgO that
dominate in the nanocomposites caused such en-
hanced thermal stability. Further, the presence of,
phenyl unitsin the epoxy and the phosphorous units

.

present in the P-hardener was responsible for the
enhanced thermd gtability of thenanocomposites. The
char yied vauesof theUME and CME systemswere
very much high dueto the presence of phosphorous
molecules.

Theflameretardant property wasfound out from
thelimiting oxygenindex (LOI) vaue, using theem-
piricd formulaeby Krevelenet d!*®. The LOI method
hel psin determining therd ativeflammability of poly-
meric materias. A numerical index, the ‘LOI’, was
representing theminimum concentration of oxygen re-
quiredtojust support burning of apolymer intheair
mixture. Thehigher LOI va uesrepresent better flame
retardancy.

Ol x100=17.5+0.4CR )
Where, Ol = Oxygenindex, and CR = Char residue
inweight

The LOI values obtained wereincreasing with
increaseinthe char yield. TheUME-DDMDP and
CME-DDMDP showed high Ol vaues. Thethermal
stability of the systemswasfurther established with
theintegra procedural temperature (IPDT) studies
(TABLE 3). The IPDT!"% proposed by Doyl€*!
wascalculatedusing EQ. (2)

IPDT (°C)=A*K* (T,~-T)+T, @)
Where, A* representsthe arearatio of total experi-
mental curvedivided by total TGA thermogram, K*
isthecoefficient of A*, T istheinitia experimental
temperature, and T, isthefina experimenta tempera-
ture. The high IPDT values of 552 to 570°C were
observed in unmodified systemswhen compared to
53210 535°Cinthe case of modified systems. Thus,
the UME systemshave exhibited superior thermd sta
bility over the CME systems dueto the presence of
higher concentration of phosphorousinthecrossinked
dructures.

TABLE 3: Determination of IPDT valuesof UME and CME
systems.

Systems A* K* A*K* IPDT Temp.
UME-DDSDP  0.7064 2.4066 1.7000 548
UME-DDMDP 0.7148 25070 1.7920 570
UME-DDEDP 0.7046 24496 1.7259 552
CME-DDSDP  0.7067 2.4105 1.7035 532
CME-DDMDP 0.7084 2.4125 1.7090 535
CME-DDEDP  0.7172 25362 1.8189 555

S




28 ChemXpress2(1), 2013

ORIGINAL ARTICLE

p
Kineticsof thether mal degradation®

The basi ¢ equation used to describe decomposi-
tionreactionsis

=2 = K(T)f(a) @)

T rate constant k(T) and f(«) werefunctions of tem-
perature, and conversion respectively wasdefined as

_ M,-M
= oM 4
Where, M, initid sampleweight, M, and M, werethe
welght at timet and final sampleweight respectively.
Usudly kisassumedtofollow Arrheniusrdationship:

k=Aexp (g) )

WhereA isthe pre-exponentid factor, R isthe uni-
versa gasconstant, T isthetemperatureand E isthe
activation energy. Severa model shavebeen proposed
to solvetheintegration of the rate equation. Themod-
els selected in this study were Broido?!, Coats-
Redfern (C-R)? and Horowitz-Metzger’s (H-M)123,
Thesemethodsinvolve TGA curvestofind out
thekineticsinvolvedinthethermal degradationreac-
tionsof theepoxy/P-hardener nanocomposites. These
modelsassumeafirst order decomposition reaction.
Broido’s Method

1[1 1]_ E&1+(RATZ )
IIIIF— BT Eﬁ IIIEXEl

Coats-Redfern Method relatesthe o with T.

AR 2RT\ E, i
(1— = )—ﬁforn—l @)

a

©)

In [ ln(l ¥ _

Horowitz-M azger method

E, (T-T,)
R(T,)

Where, T isthe absolute temperature, o isthe con-
version at temperature T, y isthefraction of initial
moleculesand not yet decomposed, T theabsolute
temperature of maximum reactionrate, 3 is the rate
of heating, A isthefrequency factor, DT __ isthemaxi-
mum decompositiontemperatureand 0 =T-DT__,
Risthegas constant and E, isthe activation energy.
E, can be determined from the plot of left hand side
of each of theequation 6, 7 and 8 versus 1000/ T2+,

In(1—y) = forn=1 ®)

~\
Theactivation energy datawasgivenin TABLE 4.

TABLE 4: Determination of activation energiesof UME
and CME systems.

Models
Kinetic parameters

Sample - -
Broido Horowitz-Metzger Coats-Redfern

E. R E, R? Ea R?

UME-DDSDP 281 0.981 295 0.990 278  0.995
UME-DDMDP 152 0.933 192 0.972 163  0.869
UME-DDEDP 1710.962 171 0.997 192 0.975
CME-DDSDP 2350.993 216 0.998 226 0.983
CME-DDMDP 123 0.976 130 0.973 160 0.897
CME-DDEDP 166 0.972 171 0.995 175 0.973

Figure 6A-F showed the plotsfor determining
theactivation energy of the cured materia sdegrada-
tion. Theregression coefficient (R?) of theeach curve
andtheactivation energy (E,) wereobtained fromthe
plot and the s ope.

Theactivation energies of the UM E werehigher
than the CM E and they seemed to show similar acti-
vation energiesasfar asthedifferent modelsare con-
cerned. Inthe case of UME theincreased energy de-
mand for thermal degradation confirmed theenhanced
thermal resistance effect of highly crosdinked struc-
tureformedinthe cured materids. Amongst theUME
system, the low activation energy of the DDMDP
cured resinwasdueto the presence of aiphatic me-
thylenebonds. Thehigher activation energy of DDSDP
might be owing to the presence of sulphone atom
which hasrelatively higher therma -oxidative stability.
Further, introducing nanoclay layers have decreased
thelr activation energies of degradation because of
theflexibilising effect of the nanoclay which hasre-
flectedinlower IDT vaues.

Dynamic mechanical analysis

The dynamic mechanica analysismeasuresthe
storage modulus property (E’) that deals in assessing
the ability of the materialsto storethe energy. The
storage modulus of UME systems such as UME-
DDSDP, UME-DDMDPand UME-DDEDPwere
found to be 2672, 2708 and 2759 M Parespectively
(Figure 7A and B).

While, the storagemodulusvaue(E’) observed
were 1730 for CME-DDSDP, 2501 for CME-
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3 , ®
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#
2 /f
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=
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& CME-DDMDP
A CME-DDEDP
0 s

1/T

1.37 1.57 1.77

Thestoragemodul us decreased inthe present study
pompared to theconventiond DGEBA/DDS epoxy sys-
em?? was due to theintroduction of P-hardener and
Clay to theresin. Thisdecreased the stiffnessdueto the
lexibility and mobility of chain molecules. Further, the
=ffect of P-hardener or clay onthe Tg (relaxation behav-
or was seen by thedecreasein thevalueof tan 8. The
nroadening of thecurvesindicatestherestricted ssgmenta
motion. Thea-transition wasrelated to the Brownian
motion of themain chain. Theratio of energy diss pated
0 energy stored (tan ¢), shows a maximum and pro-
Videsavery sensitive meansof andyzing the a-rel ax-
ition. It wasobserved that the Tg va ueshave decreased
pon theincorporation of organoclay'®.

.

-
DDMDP and 4240 Mpafor CME-DDEDP (Figure 8A and B).

Figure6: Activation ener gy plotsof broido, coatsredfern and horowitz metzger modelsfor UM E and CME systems.
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Thesignificant decreaseintheTg of thefind resin
system was due to the intercalated clay structures
present inthe epoxy systems. Thenanoclay layersdis;
persed in the epoxy resinshave hindered the benzeng
ring mobility becauseof itshigh exfoliation that wasre;
flectedin high storage modulusand high damping (tar]
d) properties. Thus, the polymer relaxation motions wil
not be constrained because of the presenceof clay fill
ers. Hence, theclay layer acted asatypical toughener
The lowest storage modulus property of the UME
DDMDP and CME-DDM DP systems showed rubbey
likebehaviour dueto the methylenelinks present in the
epoxide. Thetan 6 and Tg of UME systemswerevery
smilar toCME systems.
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Figure7(A) : Storagemodulusand (B) Tan & properties of
UME systems.

Effect of Crosslink density in UME and CME
systemsby dynamic mechanical analysis

Thecrosslink density and the Tg temperatures
observed inthe systems could be explained by con-
sidering theflexibilising effect of the epoxy resins.
Theeffect of addition of P-hardener and clay fillers
on the Tg temperature of the cured network struc-
tureof the systemswere studied. Within both UME
and CME systems, it was observed (TABLE 5) that
when the crosslinking density was decreased, the
glasstrangition temperaturewas decreased. Thelow-
est Tg property exhibited by the UME-DDEDPwas
duetotheflexibleether group present in the system.
That meansthe mobility wasincreased with forma-
tion of more open networks. Further, the molecul ar
weight between the crosslinks (Mc) estimated was
seemed to beinversely proportional to the Tg and
thereforetothecrosdink dengity of thesystems(Fig-
ure9).

The rise in the molecular weight between the
crosslinking points hasincreased the spacer length
between the crosslinking points. Thishashelpedto
form loosed network structureswhich hasresulted
into thereduced crosdink dengty and Tgvalues. Thus
the Tg property whichisproportiona totheinverse

Temperature (°C)
Figure8(A) : Storagemodulusand (B) Tan  properties of
CME systems.

of Mcisshown. Crosslink density could be calcu-
lated by using theformula?.

p=G’/RT )
Where, p =Crosdlink density expressed in mol/cm?,
G’ =Shear storage modulus of the epoxy systems at a
temperature well above Tg, R=Universal gascon-
stant (8.314472 JKtmol?), T=Absolute tempera-
ture(273.15K) at which theexperimental modulus
wasdetermined.

TABLES5: DMA propertiesof UME and CME sysems. Tg
datawasobtained through DM A analysis.

Systems (DLIgA) 5;3 He M?dourligseE‘ ggﬁ?tl;n,l: Mc
UME-DDSDP 1875 02372 2672 11741 322
UME=DDMDP 2010 02763 2708 24211 400
UME-DDEDP 1955 02561 2759 07611 290
CME-DDSDP 1810 02294 1730 18648 346
CME-DDMDP 1948 02473 2501 12132 338
CME-DDEDP 1669 01781 4240 18648 386

Note: Tan dmax: The value obtained by the ratio of Storage
modulus Vs Loss modulus which expresses the damping
ability of the materials.; E’: Storage modulus property of
thecured materials.; p: Crosslinking density of the materials
obtained from the formula p =G’/RT; Mc: Molecular weight
between the crosslinks that helps to find out the kind of
crosslinking formed which reflected in Tg, Tan dmax, E’ and
p properties.
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Figure9: Thecorreation study between /M cVsTg; Mc:
M olecular weight between the crosslinks.

0.0024 0.0026 0.0028

CONCLUSIONS

Threekinds of phosphorus hardenerswere suc-
cessfully prepared and well characterized. The P-
hardenerswere abl e to disperse better in the epoxy
systems and their aminewas expected to link with
clay particlesand epoxy blends. They were grafted
onto epoxy/MMT nanoparticlesby using hardeners
ascompatibilizersandfireretardantsintheepoxy for-
mulations. ThelDT temperaturesof the P-containing
UMEsweresgnificantly higher thanthe CMEsow-
ing to the phospshorouslinkagesand rigid aromatic
substituent that |ead to ahigher chain stiffness. The
epoxy blends containing phosphorus-unitsin combi-
nation with the nanoclay layersledto anincreased
thermal stability comparedto UME systemsbecause
of high char yie d formed duetothesynergistic effect
of phosphorousand nanoclays.
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