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Abstract: Thepreparation and characteri zation of
10tailored epoxidesof 1, 4-, 1,5- and 1,6- methyl-
enediols, bisphenol and hydroquinonewith tereph-
tha ate or isophthal ate backboneswerereported. The
solventlessreaction of epoxidesthat havebeentailor
madewith flexibleandrigid sesgmentssystematically
to enhancethe properties of DGEBA epoxy resins
were carried out systematically. The effect of these

~
newly synthesi zed epoxides and thenanoclay inim-

proving the propertiesof conventiona DGEBA/DDS
systemswere described by the analysis of thermal
behaviour, thermal stability, mechanica properties, LC
behaviour, degradation kinetic studiesand structure
morphology characteristic studies.

Keywor ds. Resins, Cure; Thermomechanical;
Thermal properties.
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INTRODUCTION

Epoxy and itsformulations occupy animportant
placeinthe class of thermosetting polymeric materi-
a g3, These materialsareidentified as one of the
best thermosetting polymers because of their good
strength, excellent adhes onto variety of surfacesand
good therma properties®9. They find gpplicationsin
variousfieds such asadhesives, coatings, structural
materias, and printed circuit boards. Though epoxy
resnsareavailablein plenty, most of them suffer from
poor damage tol erance properties. These drawbacks
restrict them from finding applicationsinthe areas
wherehigh mechanica strength materidsarerequired.
Thisisduetotheformation of high crosdinking den-
sity polymersduring the curing reaction of epoxies
with amines. Hence, these materialsarewidely modi-
fied during the processes prior to curing!***!, There-
fore, many studies have been conducted toimprove
theimpact and toughnessof the cured networks, while
retaining better properties.

There aretwo methodsthat can befollowed to
improvethestrength of the DGEBA epoxy polymeric
materids.

Method 1

Themodification of DGEBA wascarried out us-
ing the epoxies that have been designed and
synthesised with flexible and rigid segments. It was
well known from theliteraturethat thethermoplastic
polymers such as poly (aromatic ether), poly (sul-
fones), poly (ether sulfone), poly (sul phides), poly
(ether ketone), and poly (acrylates) were added as
toughenersto epoxy systemsto improvethe damage
tolerance and toughness properties*?. However, these
polymers possess high melt temperature and they
could not be processed by themelt mixing methodol -
ogy. They have poor solubility in organic solventsdue
to high molecular weightsthat lead to difficultiesin
discharge of organic solventswhileprocessing. When
themateria was cured, the solvent that would entrap
getsvolatilized and leavesvoidsand/or irregularities
inthematrix, which hasreflectedin decreasing their
mechanical properties. These problemscould be sur-
mounted by the sol ventless procedure adopted for
theincorporation of tailor made epoxieswith back-
bones having flexible/or rigid segments*. Further-

~\
more, thetailored epoxieswould helptoimprovethe

toughnesssimilar to that of athermoplastic modified
epoxy resin. Therigid backbone having controlled
mol ecular weightsincreasesthe Tg valuesand ther-
mal resistance properties. The flexible structures
though detrimentd to thethermal properties, theme-
chanicd propertiessuch asimpact and fracturetough-
nesswereimproved. Nevertheless, thetailor made
epoxies having aromatic and aliphatic backbones
shows no compromiseinthetherma property upon
addingtothe DGEBA. The epoxideswitharigidrod
andflexiblesegmentswith ester aslinking groupsmay
form high crystalinity domainsunder certain condi-
tions. Thepresence of mesogenic groupsinthemain
chainand epoxy groupsat thecrosdinking end makes
thetailored epoxidesto begood candidatesfor self-
reinforcing composite material 491,

Method 2

The preparation of polymer/clay nanocomposites
isone of the well established areas of researchl*™.
Digpersion of nanoclaysinthe epoxy resinshaveex-
hibited good toughening property in the cured poly-
mer networksdueto the nanosized platel etsdispersed
intheinterca ataed and exfoliated states'®?4. These
modificationstend to increasetoughness and impact
strength properties of the epoxy systems. Theaim
hereisto blend the epoxy resinswith nanoclaysto
obtain compositeswithlow crosslinking density.

Themainfocusof thiswork isto synthesizeand
characterize new epoxideshavingrigid and flexible
segments built by using aromatic and ali phatic moi-
etiesin order to use as areactive modifiersto the
DGEBA.. The synthesized epoxideswere added to
DGEBA/DDS and DGEBA/DDSnanoclay systems
and cured. Theoptical microscopicinvestigationswere
carried out to find out the ability of the epoxidesto
form mesophase. The prerequisiteto get mesomor-
phic materials, the diepoxides shoud belinear and
possesstiff or rigid benzenemoietieslinked through
ester and methylene spacers. The physical, thermal
and mechanical propertiesof these epoxy compos-
iteswerestudied. Themorphological studiesonthe
effect of addition of nanoclaysto the different ep-
oxide/DGEBA/DDS compositeswerecarried out by
SEM toinvestigate the phase behaviour of blends.
Thermogravimetric analysiswas used to determine
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thethermal stability, flameretardant propertiesand
degradation kinetic mechanisms.

EXPERIMENTAL

Preparation of dihydroxy esters

Thedihydroxy ester compoundswere prepared
by thereaction of 2 molesof diolswith 1moleof acid
chloride. Rigidtypedihydroxy esterswere prepared
by reacting aromatic diolslike bisphenol A and or
hydroquinonewith either terephtha olyl chloride or
isopthaolyl chloride. Similarly, flexibletypedihydroxy
esterswere prepared by reacting aiphatic 1, 4-me-
thylene, or 1, 5-methylene, or 1,6-methylenediols
with ether terephthaolyl chlorideor isopthaolyl chlo-
ride.

(a) Typical procedure for the synthesis of a
dihydroxy ester

To athree-necked flask fitted with aoverhead
dirrer, nitrogeninlet and adropping funnel wascharged
100mL of tetrahydrofuran and 90g (1 mol) of 1,4-
butane diol and stirred. To the reaction mixture, a
solution of terephthaloyl chloride81.2g (0.4moal) in
50mL THF wasadded dropwisewith stirring at 0°C.
Further, 88.8g (0.88moal) of triethylaminewas added
dropwise by maintaining thetemperature at 0°C. Af-
ter the complete addition of triethylamine, the reac-
tion was continued to stir for aperiod of 2h and the
solutionwas poured into excess cold water. The pre-
cipitated solid product wasfiltered and driedin ahot
arovenat 20°C. Recrystdlizationwascarriedout in
amixture of methanol and water (1/1V/V).Awhite
solid product 1, 4-[ Di-(4-hydroxy butane)]-tereph-
thalate (DHBT) wasobtained and theyieddwasfound
to be 186g (H” 60 %).

The other flexibledihydroxy estersnamely 1,4-
[Di-(5-hydroxy pentane)]-terephthd ate (DHPT), 1,4-
[Di-(6-hydroxy hexane)]-terephthdate (DHHT), 1,3-
[Di-(4-hydroxy butane)]-isophthalate (DHBI), 1,3
[Di-(5-hydroxy pentane)]-isophthaate (DHPI) and
1,3-[Di-(6-hydroxy hexane)]-isopthalate (DHHI)
were a so prepared by employing the same proce-
dure.

Therigid dihydroxy estersnamely, 1,4-[ Di-(4-
hydroxy diphenyl-2,2’-propane)]-terephthalate

(DHDPT), 1,3-[Di-(4-hydroxy diphenyl-2,2"-pro- |
pane)]- isophthalate(DHDPI), 1-1’-hydroxy
bisphenyl-(4-hydroxy)-Phenyl terephthalate
(HBPHPT), and 1-1’-hydroxy bisphenyl-(4-hy-
droxy)-Phenyl isophthaate (HBPHP!) werea so pre-
pared by employing the same procedure. The per-
cent yield of al the compounds were found to be
around 65%. All the dihydroxy esterswere charac-
terized by FT-IR, *H and C NMR spectroscopy.
Thepresenceof termind hydroxyl groupsindihydroxy
esterswereandyzed using acetic andydridetitremetric
method®4, Theaverage hydroxyl vauesfor al the
dihydroxy compoundswerefound wre between 1.9
and 2.3.

Prepar ation of epoxides

The synthesis of diepoxides was shown in
Schemel

HO-R-OH 4+ ClIOC-R-COClI + HO-R-OH

0°C l (CyHs)3N

T} 1]
HO-R-O—C—R—C—0—R,-OH Dihydroxys esters

NaOH l cl)>_\

50-80°C Cl

% B
OQ/\O—R,-D—C—R— ,—O—RZ-O/\—O Diepoxide

(CH,), = 4.5.&6

Scheme1: Preparation of diepoxides.

(a) Typical procedureadopted for thesynthesis
of 1,4-|Di—(4-Glycidyloxy Butane)]—terephtha-
late (DGBT)

Into aflask fitted with athermometer, condenser,
nitrogeninlet and adropping funnd 206.8g (2.23moal)
of epichlorohydrinand 105g (0.34moal) of dihydroxy
ester (DHBT) weretaken. Thereaction mixturewas
heated to 65°C and stirred for 3h. 40.65g (1.102mol)
of NaOH (40% agueous sol ution) wasadded, stirred
at 70°C for 2h and cooled. Thereaction mixturewas
washed severa timeswith water to removethere-
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sidua sodium chlorideand excessreagents. Theprod-

~\
10Wt % of epoxide namely either DGPT or DGHT

uct wasextracted with benzeneand dried in vacuum
at room temperature to evaporate the benzene. The
product obtained was 57.2g (~40%).

Similarly, synthessof ather flexibleepoxides, such
as 1,4-[ Di-(5- glycidyloxy pentane)]-terephthal ate
(DGPT), 1,4-[ Di-(6- glycidyloxy hexane)]-terephtha-
late (DGHT), 1,3-[Di-(4- glycidyloxy butane)]-
isophthalate (DGBI), 1,3-[ Di-(5- glycidyloxy pen-
tane)]-isophthalate (DGPI) and 1,3-[Di-(6-
glycidyloxy hexane)]-isopthalate (DGHI)] werepre-
pared.

The rigid epoxides namely, [1,4-[Di-(4-
glycidyloxy diphenyl-2,20-propane)]-terephthal ate
(DGDPT), 1,3-[Di-(4- glycidyloxy diphenyl-2,20-
propane)]- isophtha ate(DGDPI), 1-1’- glycidyloxy
bisphenyl-(4-hydroxy)-phenyl terephthalate
(GBPGPT), and 1-1’- glycidyloxy bisphenyl-(4-
glycidyloxy)-phenyl isophthal ate (GBPGPI)] were
prepared using the respective dihydroxy esters by
employing thesame procedure. All theproductswere
characterized by FT-IR, *H and *C- NMR spectro-
scopic techniques. The epoxy equivaent weight
(EEW) estimated by thetitrimetricandysiswerefound
to be 214 (theoretical: 211) for DGBT, 227(theo.:
223) for DGPT, 298(theo.: 297) for DGHT,
215(theo.: 211) for DGBI, 224(theo.: 223) for DGPI,
302(theo.: 297) for DGHI, 236(theo.: 235) for
DGDPT, 216(theo.: 235) for DGDPI, 236(theo.:
234) for GBPGPT and 238(theo.: 234) for GBPGPI.

Prepar ation of unmodified systems(UM)

100 partsof DGEBA and DDSweretakenina
stoichiometric ratio. To that 10 weight percent of tai-
lor madeepoxide, either DGBT or DGPT or DGHT
or DGBI or DGPI or DGHI or DGDPT or DGDPI
or GBPGPT or GBPGPI wasblended thoroughly by
stirring with glassrod. All the blendswere cured at
140°C for 3h, 160°C for 2 h and followed by a post
curing at 180°C for 4h and 200°C for 2h. These
blendswere denoted asunmodified (UM) systems
becausethey are not blended with the nanocl ay.

Prepar ation of modified nanocompositesystems
(M)

The DGEBA and DDSblend wastakeninasto-
Lichi ometricratio(i.e, 1:1 equivdent weight ratio) and

or DGBI or DGPI or DGHI or DGDPT or DGDPI
or GBPGPT or GBPGPI) was added. Then 5Wt %
of nanoclay (Nanomer 1.30E) wastaken separately
ina100ml beaker and was dispersed with required
amount of acetone (10 to 100ml). Theclay disper-
sion was sonicated for 4 hours, then transferred to
100ml RB flask and continued stirring for 30min. The
obtained nanoclay dispersion was added to the
DGEBA/DDS/epoxide mixtureand stirred for 5h
continuoudly. After the homogeni zation, the solvent
was removed by using rotavapour. The blend was
kept inan oil bath which was preheated at 90°Cand
stirred slowly until it becametransparent. The ob-
tained prepolymer was poured into astainl ess steel
mold that was preheated at 140°C. All the blends
werecured at 140°C for 3h, 160°C for 2 h and fol-
lowed by apost curing at 180°C for 4h and 200°C
for 2h. Thecured castswere cut into suitabledimen-
sionsrequired for testing physical, chemica, thermal
and mechanical properties. These blendswere de-
noted here as modified systemssincethesemodified
with nanoclay. Thus, al the epoxideresin formula
tionswereincorporated with 5 weight % nanoclay
(Nanomer 1.30E) of thetotd weight (DGEBA/DDY
Epoxide) asshownin TABLE 1.

TABLE 1: Theblend composition details of unmodified
(UM), and modified (M) systems.

Quantity of blends Ratio (w/w/w)
UM system M system
DGEBA*/Epoxide**/Clay 100/10/0 100/10/5

*Diaminodiphenyl sulfone (DDS) curing agent was added
at the stoichiometric ratio to DGEBA and epoxide
respectively; ** Epoxides namely DGPT or DGHT or DGBI
or DGPI or DGHI or DGDPT or DGDPI or GBPGPT or
GBPGPI wasadded as10wt % tothe 100 wt % of DGBA/DDS
blends.

Components

RESULTSAND DISCUSSIONS

Characterization of dihydroxy esters

(a) FT-IR spectral analysisof dihydroxy esters

The DHBT, DHPT, DHHT, DHBI, DHPI and
DHHI dihydroxy ester formationswere confirmed by
IR spectrawerereported®!. Similarly the absorption
peaksfor rigid dihydroxy esters DHDPT, DHDPI,
HGPHPT and HGPHPI observed around 2965 cmr
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rlwere attributed to thearomatic CH stretching. Aro-
matic C-Cring stretching was observed between 1575
cmrt- 1428 cm®. The C=0 and C-O stretches for
estersin conjugation with phenyl group wereshowed
at 1738 cmt and 1070 e respectively. The sharp
peak around 727 cmrt was due to the —OH out of
planebendingin aromatic—OH group. The wide peak
at 3354 cm*was dueto ortho aromatic OH group.
The peak around 1362 cm™* was attributed to iso-
propyl group. The m- and p-substitutionsin the ben-
zenering indicated around 721 cm™ and 831 cm*
respectively.
(b) NMR spectral analysisof dihydroxy esters

(A) *H and *C NMR of flexible dihydroxy es-
ters

Thechemical shift for OH protonswasobserved
a 4 ppm. The methylene protons attached to the OH
groups was observed around 3 ppm. The DHHT
having 6 methylene groups showed theshiftat 1.1
ppm. Theresonancesigna between 7 to 8 ppmwas
attributed to the aromatic protons. The shift values
observed between 3.6 to 3.7ppm was due to CO-
CH, group.

Theresonancesignal in *C NMR between 62 to
62.3 ppm was dueto H,C-OH carbon. The shift at
25-26 ppm wasdueto CH,, group of second methyl-
ene carbon and third methylene carbon occursat 26—
27ppm. The ester carbon appeared at 165 ppm. The
aromatic carbonsshowed chemical shiftsat 129-134

ppm.
(B) *H and BC NMR of rigid dihydroxy esters

The'H'NMR spectra of DHDPT/ DHDPI/
HBPHPT/ HBPHPI showed asharp shift at 1.5ppm
was due to the OH protons. The signals around
1.6ppm was attributed to the methyl proton of iso-
propyl group. Theshift for terephthalatelinked pro-
tonsoccurredat 2.1 ppm. Thesignalsfor isophthd ate
linked protonswere occurred around 2.5 ppm. The
shifts for aromatic protons appeared around 6.7-
8.1ppm.

The BC NMR spectra of DHDPT/ DHDPI/
HBPHPT/ HBPHPI have showed achemical shift at
163ppm was dueto the carbonyl carbon of the ester
group. Thechemicd signal at 30ppm wasattributed
to carbon of theisopropyl group. Thearomatic car-

bon signal attached to the ester group occurred at\
147 ppm. The shift at 155ppm was dueto the aro-
matic carbonsattached to the OH group. Thesignas
for other aromatic carbons occurred at 126, 130 and
114ppm.

Characterisation of epoxides
(@) FT-IR spectral analysisof epoxides

From the FT-IR spectraof theflexible epoxides
(terephthal ate and i sophthal ate based) and rigid ep-
oxidesthe conversion of OH group into the corre-
sponding epoxy group was observed by the appesar-
ance of peak at 915cm™. The ester carbonylswere
noted at 1715-1730cm*. The appearance of aro-
matic —CH and aliphatic —CH groups around 3400
and 2900 cm* wasclearly seen.

(b) *H and *C NM R spectral analysisof epoxides

TheHand *C NMR spectraof terepthaate and
isophthal ate based flexible epoxideswere shownin
Figure1(A) and 1(B). FromtheH NMR spectra, a
singlet shift at 1.6 ppm for theisopropylidineprotons
and the epoxy propyl protons of O-CH,, CH and
CH, were seen at 3.3, 4.3, 6.7 ppm and aromatic
protonswere observed around 7.3 ppm.

The®®C and *H -NMR and spectra of the rigid
epoxidesweregiven Figure1(C). Fromthe®*CNMR
spectra, the aiphatic carbons representing the epoxy
group were observed in the region of 41-70 ppm.
Theester carbonyl present in both the systemswas
seen at 165 ppm. Thearomatic carbonswere mostly
observed around 113-156ppm. The characteristic
shiftsfor the carbon atoms of theisopropyl group
were observed at 30 and 45 ppm.

XRD characterization of modified systems

The WAXD patterns of the modified
nanocomposite after curing were showninFigure 2.
Thebasa reflections, characteristics of the nanomer
1.30E clay appeared at 20 =3.58°, 8.12° in the lower
angleregions?. But, thereflection peaksfor lower
angled (001) planeclay layer arrangement was not
speculated in the nanocomposites, except DGDPT-
M, GBPGPI-M, DGBT-M and DGBI-M. This ob-
servation suggested that ahomogeneousand complete
intercal ation hasbeen achieved. Some of thesystems

haveshowed asmal swelingaround 5°. This swelling
S
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could be dueto the nanoclay whichwas poorly inter-
cdated. Alternatively, the swelling could bedueto the
rigid-flexible segmentsof theepoxidesand methylene
segments of the organomodifier that would havein-
duced small degreeof structurd orderlinesslocal ly?.
A broad peak around 15-20° corresponds to the amor-

]
DGBT |
| b | ',1 4«
' \ 1N
| 1
- ,11.1 A A ,.lL.nJL-. i
DGPT
b | ad{ '-"
DGHT

bd

DGPI ba
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- | e = 1 1:1‘,1 A_JL,__
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Flexible-Epoxides
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CEZ_KEH_EH o —O—SH 2—(CH2)-CH2—0O J:—@— CO—

Figure1(A) : C and *H -NMR and spectra of the flexible epoxides.
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|
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Figurel(B): *C and *H -NMR and spectra of the flexible epoxides.

phousepoxy structure seemsto havebeen merged wi thj
the nanoclay d (110) plane broad peak at 20°1%%,
The systems especialy DGDPT-M, GBPGPI-M,
DGBT-M and DGBI-M showing crystdlization bumps
around 5°have been correlated with the increased Tg,
crosdink density and Eava ues.
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Figure1(C) : ®Cand H NMR and spectraof therigid epoxides.
g Thermal behaviour
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DGDPT-M e _ (a) Differential scanning calorimetry (DSC)
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e N ~ Inthepresent work, thesegmented epoxides con-
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DGPT-M B N i i : :
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e e compared to theflexible epoxide blend systems. Dif-
O L et ferential scann ng ca orimetric curvesof unmodified
0 5 10 15 20 Systemsand modified systemsweregivenin Figure
2-(6°) 3(A) and (B). _
Figure 2 : The WAXD patterns of the nanocomposites Thestudiesamong theflexible systems, tereph-
(modified systems). tha ate epoxideblendsshowed higher Tgvadueswhen
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compared to theisophthd ate epoxideblends®*3. The
addition of new epoxidesto the DGEBA provided
the combined effect of backbone flexibility and
crosslinking on thethermal behaviour of the cured
polymer. Theeffect of T ; dependency upon varying
the number of methylene units attached to the
terepthal ate or i sophthal ate was observed to be sig-
nificant. Thus, decreasing methylene carbon numbers
have decreased the Tg values. Vallo et al.®¥ con-
cluded that the Tg of an epoxy based rigid network
depends on concentration of elastic chainswhereas,
for aflexible network, the Tg depends on backbone
flexibility. Thedifferencewasattributed to the greater
facility of flexiblechainsto undergorel axation within
thechain structure. Increasein thelength of methyl-
enebridging unitimproved backboneflexibility but
lowered the density of hydroxyl groups along the
backbone. The presence of ester groups linked to
therigid mesogenic segmentscould increasethein-
termolecul ar interactions dueto the hydrogen bond-
ing with the epoxy hydroxylsand they havethe pro-
pensity toincrease the Tg by augmenting the bond
energy required to attain chain mobility.

DGDPT-UM
1YeTq

171Tg DGDP1-UM

GBPGPT—-UM
HL——
T ___182T
—182T9  sBPGPI-UM
L 165 Tg DGBT-UM
\
163Tg pGéel-um_
i - e B s e -
DGPT-UM_ _ ——
144 Tg o e
| A Sl
[
s
5
\\~_;
~~~~~~~ 1SS T DGPI-UM

_________________

R 5.~ . ... [

SO 300
Figure3(A) : Differential scanning calorimetric curvesof
unmodified systems.

100

Further, the comparative study of UM- systems
with M-system have exhibited variationsinthe Tg
vaues. TheTgvauesof theUM systemswerefound
to be between 130to 170°C, whereasthe Tg of the

M systemswere between 135°C and 180°C r%pec-\
tively. All the sysems have showed increased Tg val-
uesexcept DGBT-M, DGPT-M and DGBI-M. Ad-
dition of nanoclaysusually reducesthe Tgwith flex-
ible spacerslike methylene groups, Theincreasein
the Tgvaluesof theM-systemsespecidlyintherigid
systems could bedueto the synergistic reinforcing
effect of rigid rod segmentsin theepoxidesand the
addition of nanoclays. In additiontotheclay layers,
thelongrigid structuresitself could haveacted asa
barrier to the movement of the polymer segments
becausethey need high activation energy for thetrans-
lation and rotationa motions.

DGOPT—M™M
189 Tg
i S
- DGDPI-M
e . —_~— ]
75 Tg
- |eoTg GBPGPT-M
— GBPGPI-M
esTs  ————
Lg 175Tg DGBT-M
1I63Tg DGBI -M -
Ta =
igiTg _ OSPIM—
\ ==
'''''''''' T
——————————— 140Tg DT
R 184Tg DGHT-M
. s2Tg BEHITM o cim —rmi—pomemm—o]
______________________
1 - Ool I
=5 100 1LSCH = =59 -

Figure3(B) : Differential scanning calorimetric curvesof
modified systems.

(b) Estimation of Mc

Theaverage molecular weight between crosdinks
(Mc), isanimportant parameter governingthe physi-
ca propertieslikecrosdink density of cured thermo-
set resins. Thepolymer with along spacer will have
low degreeof crossinkingand viceversa Thus, when
the spacer length increased, theMcvauesincreased
because the degree of crosslinking decreased. At
lower degree of crosslinking, and the presence of
crosslinkseffectively raisesthe molecular weight of
thepolymer. At higher degree of crosslinking, thein-
creasein Tgbecomesnonlinear astherotational free-
dom of theaverage chainlength between thecrosdinks
decreased withincreased crosslink density4.

Thecorre ation plot between TgandMcwasgiven

J
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g Figure5(A) and (B). Indl thesystems, the Tgvaues
inversaly proportional to the Mc valuesasshownin
TABLE 2. Fromthe UM systems, therigid systems
asoshowedsimilar McVsTgreationship. TheMc
vauesof theflexiblessgmentswerefoundto behigher
than rigid segments. The Mc valuesincreaseswith
increaseinthe degreeof crosslinking. Thedecrease
inthe Tgvauesconversdy decreased Mc. Intheflex-
ible systems, theterephthal ate epoxide based blends
have showntheir Mcvauesinthefollowing order:
(348) DGBT-UM < (419) DGPT-UM < (469)
DGHT-UM. Mcdecreaseswithincreasein the spacer
length. Thehighest Mcvaduewasobsarvedinthecase
of DGPI-UM dueto thelowest Tg values obtained
by theflexibilising effect of the pendant linkages. The
odd numbers of methylene segments possess higher
flexibility when compared to the even number meth-
ylenesegments.

All theM systemsshowed |ower Mcva ueswhen
compared to the UM systems. The addition of
nanoclay to the UM systems does affect the Tg due
toimposition of steric effect ontheM systemsand
thereby decreasngM C val ues.

Dynamic mechanical analysis(DMA)

DMA isatechniqueused to characterizepolymeric
materia 9%, Thedynamic mechanica propertiesre-
fer to theresponse of amaterial when subjectedtoa
periodicforce. These propertiesmay beexpressedin
termsof adynamic modulusand amechanica damp-
ing factor. From thedynamic mechanicad andyss, the
storage modulus (E”) that dedswiththeability of the
materialsto storethe energy and the a-transition (tan
0) which is dependent on temperature could be inves-
tigated. Thea-transition (Tan d) is related to the Brown-
ianmotionof themain chaina thetrangtionfrom poly-
mer going through oneof therelaxations. It wasob-
served that thestoragemodul us(E’) and damping prop-
erty (Tand) were higher in the case of M systems when
comparedtothe UM systems. TheM systems show-
ingtheincreasein the storage moduluswasdueto the
dispersed day inexfoliated sateto theresnwhich has
increasad thegtiffnessby hindering themobility of chain
molecules. Further, theflexible sysemshaveexhibited
improved viscoel astic propertieswhen compared to
therigid systems.

TheTg(°C), storage modulus and Tan d proper-

.
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tiesof unmodified and modified systemsweregiven
inTABLES3.

TABLE 2: Correlation studies of Tg and M c values of
flexibleand rigid systems.

Rigid Systems Mc Tg(°C) Rigid Systems Mc Tg (°C)
DGBT-UM 34821 163 DGDPT-UM 32500 171
DGPT-UM 41935 144 GBPGPT-UM 34211 165
DGHT-UM 469.88 134 DGDPI-UM 351.35 162
DGBI-UM 38235 153 GBPGPI-UM 35135 162
DGPI-UM 49367 130 DGDPT-M 302.33 180
DGHIUM 42857 142 GBPGPT-M 32884 169
DGBT-M 319.67 163 DGDPI-M 32500 171
DGPT-M 386.14 144 GBPGPI-M 357.79 160
DGHT-M 375.00 155 DGPI-M 44828 138
DGBI-M 37864 153 DGHI-M 397.96 149

TABLE 3 : The Tg (°C), storage modulus, and tan &
propertiesof unmodified and modified systems.

Tg(°C) by DMA Tans E’ (MPa)

SYSTEMS
M UM M UM M
DGDPT 171 180 0.415 0536 1620 1700
GBPGPT 165 169 0576 0.642 2625 2900
DGBT 163 173 0.633 0.823 3250 2875
DGPT 144 152 0.300 0.420 2750 2925
DGHT 134 155 0.411 0.445 3100 3175
DGDPI 162 171 0401 0.425 2380 2460
GBPGPI 162 160 0.479 0.535 2675 3225
DGBI 153 154 0.648 0.441 2620 3000
DGPI 130 138 0.399 0.347 2850 2800
DGHI 142 149 0413 0611 3250 3255

Theincreaseinthe Tgvauesobservedinthecase
of M systems was due to the incorporation of
organoclay. Thenanoclay layersdispersedintheep-
oxy resinshindered the benzenering mobility and at
thesametimefacilitated thealiphatic segmenta mo-
bility becauseof itshigh exfoliationthat wasreflected
in high storage modul us and high damping (tan 6)
propertiesintheflexible systems. Thus, the polymer
relaxation motionswill be not constrained fully be-
cause of the presence of clay fillers. Therefore, we
could beableto concludethat theclay layer hasacted
asatypica toughener.

Thermogravimetricanalysis(TGA)
(@) Thermal properties
Thethermograms of the DGEBA blended with

J
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4 N\
epoxides [unmodified (UM systems)] and with Thethermal decompositiontemperaturesat dif-
nanoclay [modified (M systems)] wereshowninFig-  ferent weight |oss percentagesandthechar yid dswere

ures4(A, B) and 5(A, B). lisedinTABLES4 and 5.
199 — w1 TABLEDS: Thermal propertiesof rigid epoxide (unmodified
AN e and modified) systems.
— — —DGPI -UM
sof- i % Weight loss
Rigid Onsat ° g9 % Char
system 25% 50% MDT Vield
= 60l DGDPT-UM 403 404 421 421 22.76  26.60
% GBPGPT-UM 405 428 435 438 12.37 2244
g DGDPI-UM 392 392 424 411 22.71 26.58
40»—
GBPGPI-UM 403 414 421 414 12.15 22.36
DGDPT-UM 381 407 417 410 5464 39.35
2o GBPGPT-M 388 407 417 406 38.65 32.96
VVVVVV DGDPI-M 364 396 432 404 4598 35.89
ok e GBPGPI-M 424 428 442 398 2403 2711
00
80—
80—
sl
&0 £
g 3
E =
B a0
2
40— -
20
20— -
= =1 -] —
o 800
(o] ] LES 1
) 200 400 600 800 )
Temperature (°C)
Figure4: Thermogravimetric curvesof flexible epoxides i
blend: (A) Unmodified and (B) M odified systems. sor-
TABLE 4 : Thermal properties of flexible epoxide i
(unmodified and modified) systems. _ 6o
Flexible — Onset % Weightloss MDT Char ol i? e Y
system  Temp. (°C) 250 50% 80% (°C) Yield % a0 —
DGBT-UM 388 396 421 456 412 839 20.85 i
DGPT-UM 403 414 421 450 421 1215 22.36 2o
DGHT-UM 405 421 435 450 438 12.37 22.44 -

DGBI-UM 407 414 432 523 420 12.00 22.43 o5 : - : - : -

200 400 600 800

DGPI-UM 395 409 431 521 413 1242 22.47 _ | T o _

DGHI-UM 395 411 430 519 421 1254 2252 F|gure5.Therm_o_grawmetrlccu_r\_/mofr|g|d epoxides
blend: (A) unmodified and (B) modified systems.

DGBT-M 392 411 421 450 416 1229 22.42

DGPT-M 304 409 417 505 411 1639 24.06 Thethermal stability of the DGEBA/epoxides
DGHT-M 305 413 419 505 415 1692 2427 curedpolymershasimproved thethermal stability of

DGBI-M 390 404 422 450 409 1552 2371 theblendsystems. Singlestep decompositionwasob-
DGPI-M 394 407 424 450 412 1563 2375 servedinthecaseof UM and M systemsdueto the
DGHI-M 390 4112 417 505 410 1688 2425 posghility of thecomponentswhichwerereactiveand

. J




ChemXpress2(1), 2013

11

can react with each other. It was al so observed that
the shape of thethermogramswaslinear during the
degradation processin al thesystems. Theonset ther-
mal temperatureswere observed between 388 and
407°C for UM flexible systems. The UM rigid sys-
tems have exhibited the onset temperatures between
381 and 425°C showing the excellent thermal stabil-
ity of the composites. The terephthal ate based ep-
oxideblendshaveshown higher thermd gtability (IDT)
upto 407°Ccompared to the isophthalate based ep-
oxideblends(upto 395°C). The low thermal stability
of the isophthal ate epoxide blends was due to the
greater possibilities of bond scissionsat lower tem-
peratures. TheentireM systems have showed lower
IDT vauesof 395°C except GBPGPI-M and maxi-
mum decomposition temperature (MDT = 406°C).
Ontheother hand, theUM systemsonset and MDT
valueswerevaues407°C and 438 °C.

The DGEBA modified with theepoxideshaveex-
hibited enhanced char yield values. Thechar yields
obtained seemsto be higher for al theUM and M
systems. Therigid systems have showed higher char
residues of 12.15-54.64% decomposition compared
totheflexible systems8.39-16.88%. Thechar yields
increased withtheincreasinginthe methylenegroups.
DGHT-UM (12.4%) > DGPT-UM (12.2%) >
DGBT-UM (8.4%)

DGHI-UM (12.5%) >DGPI-UM (12.4%) >
DGBI-UM (12.00%)

Amongtherigid systems, high molecular weight
epoxides have showed highest char percent values
for example, DGDPT-UM (26.6%) and DGDPI-UM
(35.9%). Thiscould be dueto the presence of higher
molecular mass of aromatic carbonsinthe cured sys-
tem when compared to the other systemg®*, The
lowest char yield observed in DGBT-UM (8.4%)
could beattributed to theimproper mixing of the ep-
oxidewiththe DGEBA.

All the M systems have exhibited higher char
yields. Theterephthal ate based epoxideblendshave
showed increased char yield residues. Theflexible
groupsinthe modified systems showed upto 16.9%
and rigid groups showed 39.4% when compared to
theisoptha ateepoxideblendsof flexible-M: 16.9and
rigid-M: 35.9%. The 1,4-substituted terephthal ate
werestiff which hindered thefreerotation of themol-

ORIGINAL ARTICLE

eculesthereby leading to higher char yield.
(b) Flamer etardant properties

From the obtained char yields, it could be pos-
sibleto corrdatewith theflameretardat propertiesof
thesystems. Thus, thechar yied valuesweredirectly
proportiona totheoxygenindex vauesfromtheem-
pirical formulae proposed by Krevelen et a9,

0l =175+0.4CR )
Where Ol = Oxygenindex, and CR = Char residue
inweight. Thelimiting oxygenindex (LOI) valuesob-
tained wereincrees ngwithincreaseinthechar yieds.
Theaddition of nanoclay increasestheflameretar-
dant propertieswas confirmed from theincrease of
the oxygenindex valuesin M systems compared to
the UM systems.

TheL Ol valuesobtained followed linear relaion-
shipwiththechar yield. The DGEBA modified with
the 10W1t% epoxidein the case of the UM systems
have shown LOI values of 20-24. The M systems
added with 10% epoxide and 5% nanoclay have ex-
hibited the LOI around 22-39.

It wasclassified that themateria spossessed LOI
<20.95, LOI<28.0 and LOI<100 were considered
as ‘flammable’, ‘slow-burning’ and ‘intrinsically non-
flammable’ respectively. In order to describe precisely,
the polymers possessed with LOI >20.95, and >26.0
were considered as ‘marginally stable’ and ‘self-ex-
tinguishabl€e’ respectively“3. Accordingtothisscae,
theUM systemscomes under the ‘marginally stable’
category and the M systems (except GBPGPT-UM
and GBPGPI-UM) fdlsintothe ‘self-extinguishable’
category.

It wasclassified that thematerial spossessed LOI
<20.95, LOI<28.0 and LOI<100 were considered
as ‘flammable’, ‘slow-burning’ and ‘intrinsically non-
flammable’. In order to describe precisely, the poly-
mers possessed with LOI >20.95, and >26.0 were
conddered as ‘marginally stable’ and ‘self-extinguish-
able’ respectively“l, According tothisscale, the
UM systemscomesunder the ‘marginally stable’ cat-
egory andthe M systems (except GBPGPT-UM and
GBPGPI-UM) falsintothe ‘self-extinguishable’ cat-
egory.

(c) Thel PDT properties
ThelPDT proposed by Doyl€*! was cal cul ated
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usng

IPDT (°C) =A*K*(Tf—Ti) Ti @)
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. All thesystemshave exhibited the IPDT values
inthesimilar range of 736- 903 which confirmedthe
highthermd stability of thematerias. IPDT vauesof
al theUM systemsshowinginthesmilar rangeowes
tothestructura similarity lies between epoxideand
DGEBA. Theisophthaatebased epoxideblendshave
shown higher IPDT could be dueto the miscibility
property enhanced by theisophthal ate segment. In
therigid sysems, DGDPT-UM and DGDPI-UM have
showed higher IPDT, when compared to the
GBPGPT-UM and GBGPGPI-UM systems. This
could be not only due to higher mol ecul ar mass but
also due to theisopropyl functional groupsin the
bisphenyl moietiesof theepoxide. Thesegroupsmight
have hindered therotation of the polymer networks
during thedegradation which hasreflectedin high ther-
mal property index.

(d) Degradation kineticsstudy

TGA isauseful method toinvestigatethethermal
degradation kineticsmechanismof polymers. Thedeg-
radation behaviour wasstudied by usingintegra mod-
els of Broido, Horowiz-Metzger and Coats-
Redfern*=4" derived from theArrheniusequation and
thedetail sweregiven under materialsand methods.

A plot of In(In 1/y) inthe case of Broido modd,
In[—(1—y)/T?% inthe caseof C-R method and (1 -
y) inthecaseof H-M method versus 1000/T for mgor
degradation follow linear relationship by obtaining
straight ling“®51, Thekinetic analyseswerecarried
out considering the degradation lossfrom 2.5%till
the end of maximum weight lossof amaterial. The
graphs plotted for Broido, Horowitz-Metzger and
Coats-Redfern modelsfollow first order reaction and
theresultswereshownin Figure6(A) for flexibleep-
oxide blend systems (UM and M) Figure 6(B) for
rigid epoxideblend (UM and M) systems.

Theactivation energy (Ea) vauesca culated from
thedopeof plotsweregivenin TABLE 6.

Theresultsreved ed that the degradation patterns

of the both the systemsfollowed first order of reac-\
tionwith correation coefficient va uesof gpproximatdy
at 0.9. Thevauesof correlation coefficients, closeto
unity indicated to bethe best fit. The activation ener-
gies obtained from these model swere compared for
flexible epoxidesystems. The Eavalueswereinthe
following order:

H-M<C-R<Broido modelsfor rigid epoxidesys-
tems.

TheH-M model showingvariationsintheEava-
ueswereinaccordancewiththevarigionsinthe Tmax
of the blends. The Eavaluesvaried with respect to
thestructural typesof blendsin UM and M systems
were also observed. In all thethreekinetic models
used, theM systemshaveexhibited higher activation
energy when compared to the UM systems. The com-
parison of Eavauesof M systemsca culated according
to the Broido model have shownintherange of 198-
247 kJmol for flexible-M systemsand 200-247 kJ/
mol for rigid-M blend systems. Therange of activa-
tion energies of 133-193 kJ/mol and 190-247 kJ/
mol for flexiblee-UM sysemsand rigid-UM blend sys-
temsrespectively. Theincreasein EavaluesintheM
systems was due to the presence of nanoclay as a
thermal barrier which required higher energy for the
decompasition. TheflexibleeUM sysemshaveshown
the Ea values in the range of 193-247 kJ/mol for
terephthalate and 133-136 kJ/mol for isophthalate
epoxideblends. Theflexible-M systemshave showed
higher Eavauesof 240-247 kJ/mol for isophthaate
epoxide blendswhen compared to the 198-231 kJ/
mol Eava uesof terephtha ate epoxideblends. This
may be dueto the better miscibility and chemicd re-
action of theisoptha ate (1,3-position) epoxideswith
DGEBA/DDS. The flexible UM and M systems
showing high activation energy values could be due
tothecrystdlization of themethylene segmentsinthe
ordered state during the curing process. Thisisin
agreement with thereport by Mano et a . that greater
thecrystdlinity naturewould result in greater activa:
tion energy.

M echanical properties
The mechanicd propertiesof the DGEBA/DDS

cured compositesweregeneraly knownto givehigh
strength materials. The DGEBA/DDS system was
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Figure6(A) : Thegraphsfor the calculations of activation ener gy unmodified and modified systemswith flexible
epoxides.
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Figure6(B) : Thegraphsfor calculating activation ener gy for unmodified and modified systemswith rigid epoxides.
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[ modifiedwithalow functiondiity linear epoxideand = 7y~ Flexuralstrength — summoore |
nanoclay to get alesscrosdinked material withim- 79 1 3
proved toughness. The tensile strength, flexura 1§ 8 8 Bl 2 &
strength, impact strength and fracturetoughnessprop- ~—_** 1 R
ertiesof theUM and M systemsweregiveninFigure =% i
7 (A, B) and 8(A, B). Theaddition of epoxideand ] il
nanoclay hasresulted intheincrease of theproper- | i
ties. Thespacer groupsof theepoxideshad effecton ' |
enhancingthepropertiesof thecuredresins, wasat-— ° o . O o . o
tributed to the chemical structureof the spacers. S "’imisysif’é S & F
TABLE 6 : The activation energy (Ea) and regression * @) Tensile strength ¥ UNVODIFIED
coefficient (Rz_)v_alumfromtheplotsof FlexibleeUM & M s = MODIFIED
systems, and rigid-UM & M systems.
Flexibile Briodo’s Horowitz-Metzger Coats- Redfern MZO
UM systems model model model 215
Ea 2 Ea R2 Ea R2
(KJ/moal) (KJ/moal) (KJ/moal) 10
DGBT-UM 19393 0896 19356 0952 1703 0941 g
DGBT-UM 19393 0896 19356 0952 1703 0941 o |
DGHT-UM 24741 0987 19449 0989 19991 0.987
DGBI-UM 13307 0901 11934 0926 9660 0896 8 roxice systems
DGPI-UM 13444 0895 12061 0920 9787 0888 rjgyre7: Themechanical propertiesof the unmodified
DGHI-UM 13608 0902 12207 0926 99.14 0896 and modified systems: (A) tensilestrength and (B) flexural
Flexible-M systems strength properties.
DGBT-M 231.95 0915 207.03 0930 183.19 0.914 Impact strength = UNMODIFIE
DGPT-M 19804 0906 17887 0926 15555 0.906 il
DGHT-M 19829 0914 17894 0933 15536 0915 - |
DGBI-M 24032 0938 21085 0951 1872 0940 140
DGPI-M 24305 0940 24086 0953 18956 0943 £ |
DGHI-M 24796 0934 21740 0951 19356 0940  so
Rigid-UM and M systems 22
DGDPT-UM 19047 0914 17244 0939 14913 0923 20
DGDPT-M 20593 0890 21139 0974 18809 0.968 ‘
DGDPI-UM 19647 0945 17456 0968 15141 0.959
DGDPI-M 24086 0901 24086 0986 217.41 0983
GBPGPT-UM 22667 0919 20211 0933 1785 0917 ;:
GBPGPT-M 2367 0910 23122 0958 20763 0950
GBPHPI-UM  247.41 0987 22449 0989 19993 0987 06 -
GBPHPI-M 10415 0899 1675 0921 14602 0904 S

(a) Tensileand flexural strength properties

TheUM and M rigid systemshave demonstrated
higher strength propertieswhen compared tothe UM
andM of theflexiblesystems. AmongtheM systems,
the DGDPT-M and the DGBT-M haveshowed high-
est tensile strength values of 25.57 Mpaand 25.11
M parespectively. Thiswasdueto the orientation of
clay plateletsand polymer chainswith respect tothe

5 £ & W& ~ S S & & X
O ] ¥ Q R ) =) Q ) X 2
FEITL LSS
Qé" Epoxies

Figure8: The mechanical propertiesof theunmodified
and modified systems. Impact strength and (B) Fracture
toughnessproperties.

J




16

ChemXpress2(1), 2013

ORIGINAL ARTICLE

loading direction that have contributed to therein-
forcement effect. IntheM systems, the GBPGPI-M
and DGBT-M have showed highest flexural strength
valuesof 70.8 Mpaand 56.8Mparespectively. The
enhanced flexurd strength property exhibited wasdue
totheeffectivestresstransfer capacity of theblends
on counting the shearing ability of the nanoclay lay-
ers.
(b) Impact strength properties

TheM systemshave exhibited improved impact
strength propertiesaround 147-167Jmfor Flexible-
M and 156-174Jmfor rigid-M systems compared
tothe UM systems, i.e., 100.6-104.9 Jm flexible-
UM and 110-138 Jmfor rigid-UM systems. Itisnot
worthy that, theentire UM and M sysemshaveshown
superior impact strength propertieswhen compared
totheconventiona DGEBA/DDSsystem, i.e., 92.6
Jmfor UM and 141 Jmfor M systems. Thesystem
that contai ned longer methylene gpacer groupsshowed
improved toughness, which might beattributed to the
freemovement of thelong moleculesin coherence
withthepossibility of theformation of lessdensecured
structures. The packing prevention of the methylene
containing polymer resulted in theincreased freevol-
umefraction. Thisisresponsiblefor theincreasein
impact strength when compared to unmodified sys-
tem.

(c) Fracturetoughnessproperties

Thefracturetoughness of theflexibleandrigid
systemswasfound to bein the samerange except the
DGBT and DGBI which possess shortest methylene
linkages. Thetoughnessof the cured polymersbased
on methylene spacers containing epoxy wasfound to
beinthefollowing order: DGHT>DGPT>DGBT.

Thus, theincreasein the number of methylene
spacer unitshaveincreased thefracturetoughness of
thematerias. Therepetitiveavailability of epoxy hy-
droxyl groups have decreased by theincreaseinthe
number of methylenegroups. Therefore, thedensity
of the hydroxyl groups along the backbone of the
cured polymer decreasesin epoxieswhich tend to
produce less crosslinked structures. Thisincreases
thefracturetoughness. TheentireM systemshave
shown increased fracturetoughness properties. The
improved toughness property obtained by reinforc-

~\
ing such hard nanophase particleswas dueto some

energy absorption mechanismslike crack pinning,
crack arresting and good polymer-surface bonding.
Theincreased toughness could be a so bedueto the
shear yidding, crazing, or cavitationsmechanismg™,
The analysisindicatesthat nano clay platelets pro-
vides superior fracturetoughnessisadirect conse-
quenceof ductility or themaximum shear strain of the
organic matrix interms of repeated nano dispersion
of clay layers. Thehigher fracture strength observed
wasaresult of itsordered intercal ated regions of the
clay layerswith significant overlap of theplatd etsand
high shear strength of the epoxies.

Morphological studies

Thenanoclay dispersonintheM system wasex-
amined by using scanning el ectron microscope. The
surface morphology of M systemswas carried out
from thetenslefractured specimens. The SEM pic-
turesof all the M systemswere shownin Figure9
and dl showed similar structuremorphologies.

The single phase morphol ogiesobserved in the
case of M systems confirmed the compl ete disper-
sionof theclay particles. Thenanoclay particleshave
been fully bonded with epoxy matrix toformasingle
phase structurewas evident. Theabsenceof clay ag-
glomerationsa soindicated thedowns zing of theclay
particles, dueto the effective method of sonication
employed. Thepure DGEBA/DDSresinsshowed a
smooth and linear crack surface morphological char-
acteritic attributed to brittlefailure>l. Smooth line
patternsweretotaly disappeared and irregul ar frac-
ture surfaces were emerged upon the addition of
organoclay. The sheared crack behaviour was seen
inthe caseof M systemsattributing the rubbery na-
ture brought by theinclusion of the ester epoxy and
nanoclay particles. Thesimilar structurd morphology
existed betweenthe DGEBA and epoxide. Theuni-
form scattering of clay platel eiswaswitnessed by the
tortuousmicrocracksand especidly intheflexiblesys-
tems. Theverticdly digned linepatternsobservedin
therigid systemscould beduetothecrystalization of
the spacersto avery high order which hasreflected
intheincreaseof the Tg, Eavaues, char yieldsand
mechanical properties. The SEM resultswerevery
well correlated with the properties.
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GBPGPI-Epoxide DGEBA/DDS/DGBl-epoxide

Prepolymerised at 150°C

Figure10: Theoptical micrograph picturesof dihydroxy ester sand r epr esentative pictur esof an epoxideand modified
system showing or der ed crystalline patterns.
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-
Optical micrograph structural characteristics

Liquid crystalline epoxies are known to show
mesophase behaviours by maintaining acertain de-
gree of orientational order during melting or while
coolingfromthemelt. Upon crystallization, themol-
ecules of the epoxides have packaged closely and
thismay not be always be possiblefor more compli-
cated structures. Inthe crystal state, the molecules
wereheldtogether by strong intermolecul ar forces of
attraction dueto the presence of linear and rod-like
structures®*7, Here, thedihydroxy estersand their
respective epoxides, and the M systemswere show-
ing ordered crystdline patterns because of mesogenic
segmentsavailableinthe epoxide molecules (Figure
10).

A dow curing processwas adopted to obtain mac-
roscopically aligned LC thermosets. Therateof cur-
ingisimportant assufficient timeisrequired tofacili-
tate the orientation of the spacer molecules®®. The
anisotropicorientationshe pthereactivefunctiondities
likeepoxy and aminemoleculesto be parellely closer
to each other. The parellely aligned molecules cured
at that positionswill show higher mechanical proper-
tiesespecially likefracture toughness. We have ob-
served better mechanical propertiesin our modified
systems. Thecombination of excellent thermal prop-
ertiesand mechanica propertiesexhibitedinaliquid-
crystaline phase systems have been reported®™. The
concentration of the mesogenic groups of each cured
system wascd cul ated by using®:

Concentration of the mesogenic groups

=M memgen/M basicunit

Where M, basic unit isthe molecular weight of the
structureformed by thelinking of two epoxy mol-
eculeswith one curing agent moleculeand M resogen is
themolecular we ght of themesogenicmoiety per basic
unit. The percentage concentration of themesogenic
groupsintheUM sysemswereshownintheincreasing
order:

(DGBT-UM and DGBI-UM) 0.74% < (DGPT-
UM and DGPI-UM) 0.75%, < (DGDPT-UM and
DGDPI-M) 0.78% < (DGHT-UM and DGHI-UM)
0.97%, < (GBPGPT and GBPGPI) 0.91.

Therdaionshipsof fracturetoughnessvaueswith
respect to mesogen concentrati onsthough not seem
to haveinfluenced muchintherigid epoxide blends.

But, it wasobserved the effect in the case of flexibl e\
epoxide blends. Asthe mesogen concentration in-
creased, thefracturetoughnessvalueswereasoin-
creased both in theterepthal ate and i sopthal ate ep-
oxideblends. Thus, increasing mesogen content leads
toincreased intermol ecul ar interactions between the
polymer chainsand thereby reducesthemicro-Brown-
ian motion aswell asfreevolume. These properties
wereinturn manifested asincreased d asticmoduli and
increased onset decomposition temperatures.

CONCLUSIONS

Theeffect of tail ored epoxideand nanoday loading
tothe DGEBA/DDS compositeswerestudied. The
blends prepared with epoxide (UM systems) and the
blends prepared with epoxideand nanoclay (M sys-
tems) have showed that the blends were homoge-
neous with asingle phase morophol ogy structures.
The DMA analysis provided single Tg and SEM
anlaysis showing single phase morphology structure
wasa so confirmed thesingle phase morphology. The
storage modul usincreased with theincorporation of
epoxide and nanoclay dueto thereinforcement im-
parted by the spacer back bone moietiesin the ep-
oxideand thenanoclay layers. Themechanica prop-
ertiessuch astensile strength, flexura strength, im-
pact strength and fracture toughnesswereaso im-
proved by themodification of DGEBA/DDS system.
Theincreaseinthemechanica propertieswasdueto
thelinear, long and flexible/rigid backbone moieties
present inthe epoxides. Thesefunctiond groupshave
ledtoformliquid crystdlinethermosets. Thethermd
stability of the systemswasincreased with the addi-
tion of epoxide and nanclay whichwasclearly seen
fromtheincreaseintheactivation energy of thecom-
posites.
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