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ABSTRACT

The effect of incorporation of bismaleimides and bisphenol — A based
polysulfone (PSF) into epoxy has been studied. The formulated matrices
were characterized in terms of FTIR, DSC, TGA, HDT, thermal ageing
characteristics, SEM and water absorption behaviour. The incorporation of
both polysulfone and bismaleimide into epoxy resin enhances the glass
transition temperature and thermal degradation temperature according to
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their percentage content. Among the bismaleimides modified polysulfone
epoxy systems, BMI-2 modified PS-epoxy systems exhibit better thermal
properties than that of other two bismaleimides. SEM analysis showed a
homogeneous morphol ogy that would lead to the conclusion of the existence

of interpenetrating network.

INTRODUCTION

Epoxy resins are a class of thermoset materials
widely used for composite applicationsinindustries
where properties, such ashigh modulus, thermal stabil-
ity, solvent resistance are required™®. However, the
highleve of formation of crosdinking during cureim-
partsbrittle behaviour, which limitstheir gpplicationin
fiddsrequiring highimpact and fracturetoughness, such
ascompositesand coatings. Thereforeinthelast few
decades, much attention hasbeen giventoimprovethe
thermal and mechanical propertiesof epoxy resins, es-
pecidly making them tough.

Themodification of epoxy resinwithliquid elas-
tomerssuch ascarboxyl-terminated butadiene acryloni-
trilerubbers(CTBN) or crosdinked elastomershasbeen
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Investigated asasuccessful meansof enhancingthefrac-
ture toughness of brittle epoxy resind”*2. However,
toughnessimprovementsin most elastomers modified
epoxy systemsusualy resultinasignificant decreasein
themodulusand glasstrangtiontemperature (Tg) of the
cured epoxy resins. Asan dternate method, engineer-
ing thermopl astics have been used toimprovefracture
properties of epoxy resing*¥, because thermoplastic
modifiersaretough, ductile, chemicaly and thermally
stable, and havehigh T, Thistechnol ogy toughensthe
epoxy resinswithout affecting their high temperature
performance. However, the predominant criteriafor
achieving optimum toughnessenhancement in the ther-
mopl asti c toughening of epoxy resinsarestill not clear
fromtheliterature.

On the other hand, attempts have been made to
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dissolve thethermoplasticsin the epoxy resinshomo-
geneoudy*#91, Itisreported that theincorporation of
high performance thermopl asticsinto thermoset resin
systemsleadsto sgnificant improvement inmechanicd
properties®>2Y, Later, thisreview hasfocused uponthe
importance of thermoplastic end groups, themateria’s
morphology and ductility of thematrix and thechemica
sructure of thethermopl astic modified epoxy systems.

Previoudly, our research group, hasbeen modified
epoxy resin using different chemical and polymeric
modifiers namely hydroxyl terminated
polydimethylsiloxane??, a-
aminopropyltriethoxysilane?, unsaturated polyester®,
vinylester®®, polyurethanes?, bismaleimides?2? and
theresults obtained have been published el sewhere.
Bismaleimidesrepresent aclass of thermosetting res-
ins, which can be used at €l evated temperature (200-
230°C). These resins have better thermal stability, flame
resi stanceand retention of mechanica propertiesat high
temperaturesthan the epoxy resin. In continuation of
our earlier studies, an attempt has been madein the
present investigation toimprovethetherma behaviour
of epoxy resin by forming interpenetrating network with
bisphenol A polysulfone and three different types of
bismaemides

EXPERIMENTAL

Materials

Epoxy resin [diglycidyl ether of bisphenol A
(DGEBA)] LY 556 (epoxy equivalent about 180190,
viscosity about 10,000 cP) and 4,4’-
diaminodi phenylmethane (DDM) were obtained from
Ciba-Geigy (India). Bismaleimides namely N, N’-
bismaemido-4,4’-diphenylmethane (BMI-1), 1,3-bis
(maleimido) benzene (BMI-2) and 1,1’-bis (4-
male midophenyl) cyclohexane(BMI-3) were prepared
by previously reported procedure (Scheme 1)(9,
Bisphenol A based polysulfone (Mw = 15000g/m,
Tg=195°C) was supplied by Shauguang chemical fac-
tory, Shanghai, Chinawas used asreceived.

Preparation of epoxy polysulfone/bismaleimide
hybrid

The hybrid polysulfone epoxy matriceswere pre-
pared by dissolving varying percentages (4, 8, 12 % by
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Scheme1: Synthesisof bismaleimides

wit) of bisphenol - A based polysulfoneand tetrame-
thyl ammonium hydroxide (TMAH) inknown amount
(100 % by wt) of epoxy resinwith continuous stirring
at 150 °C for two hours. The hybrid matrix obtained
was degassed under vacuum for half an hour and then
cooledto 90 °C. The calculated amount of three dif-
ferent types of bismaleimideswasalso dissolved into
polysulfone-epoxy hybrid under vigorous stirring to
obtainahomogeneousmixture. A stoichiometricamount
of the curing agent 4,42 -diaminodi phenyl methane cor-
responding to epoxy equival entswas added. The agi-
tation was continued at 100 °C until a homogeneous
product was obtained. The product was subjected to
vacuum to remove the trapped air and then cast and
cured at 120 °C for 3 hours. The castings were then
post cured at 180 °C for 2 hours and finally removed
from themould and characterized.

Test methods

TheFTIR spectrafor unmodified epoxy, polysulfone
modified epoxy were recorded on a Perkin-Elmer
(Model RX1) FT-IR spectrometer.

Glasstrangtion temperature (Tg) of the samples
was determined using NETZSCH DSC 200PC ana-
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TABLE 1: Percentagewater absor ption, glasstranstion temper atureand heat distor tion temper atur e of unmodified epoxy,
polysulfonemodified epoxy, BM I smodified epoxy and BM I smodified polysulfone- epoxy systems

Heat Glass
Sample code Distortion Transition % Water absor ption
Temperature (°C) Temperature (°C)

E100 PSBo 153 165 0.1201
E100 PS4 Bo 152 163 0.1176
E100 PS5 Bo 149 161 0.1102
E100 PS12Bo 146 160 0.1068
E100 P Bl 154 167 0.1096
E100 PS5 B1g 156 172 0.1021
Ej00 PSBls 159 180 0.0967
E100 PS5 B2, 165 170 0.0727
E100 PS5 B25 171 178 0.0645
E100 PS5 B212 178 184 0.0589
E100 PS5 B34 153 166 0.0734
E100 PS5 B35 157 169 0.0612
E100 PS5 B312 163 172 0.0543
E100 PS5 B1g 152 165 0.0781
E100 PS5 B25 158 178 0.0723
E100 PS5 B35 155 165 0.0765

E - Epoxy ; PS- Paolysulfone; B — Bismaleimide; B1- N, N’-bismaleimido-4,4’-diphenylmethane (BM|-1); B2- 1,3-bis (maleimido)
benzene (BM1-2);B3- 1,1°-bis (4-maleimidophenyl) cyclohexane (BM1-3)

lyzer (TA instruments USA) in thetemperaturerange
between 50°C and 250°C at a heating rate of 10°C
per minutein nitrogen atmosphere.
Thermogravimetricanalyss(TGA) wascarried out
usngNETZSCH STA 409PC andyzer (TA ingtruments
USA) at aheating rate of 10°C per minute in air. The
heat distortiontemperature (HDT) of thesampleswas
tested asper ASTM D 648-72 usingHDT apparatus.
Scanning el ectron microscopy (SEM) JEOL JSM
(Model 6360) was used to i nvestigate the morphol ogy
of unmodified epoxy, polysulfonemodified epoxy and
bisma eimideincorporated polysulfone modified epoxy
matrix systems. Thewater absorption property of the
samples was determined as per ASTM D 570. The
resultsare presented in TABLE 1 and Figures 1-10.

RESULTSAND DISCUSSION

Formation of polysulfoneepoxy | PN

Theformation of interpenetrating network of ep-
oxy and polysulfone proceedsthrough thereaction be-
tween bisphenol - A polysulfone (PSF) oligomer with
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Figurel: FTIR spectraof (a) Unmodified epoxy (b) polysulfone
prepolymer and (c) polysulfonemodified epoxy system cur ed
withDDM
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Scheme 2 : For mation of Epoxy-Polysulfone-Bismaleimide Networks

largemolar excessof epoxy resininthepresenceof a
catalyst, tetramethyl ammonium hydroxide (TMAH).
Thelarge excess of epoxy resin was used to end cap
the polysulfone oligomerswhich essentidly prevents
further polymerization®!. Thedisappearanceof IR ab-
sorption for oxiranering of epoxy at 914 cmr*wasused
to ascertain thecompletion of thereaction. (Figure 1).
The intensity of IR absorption peaks observed for
oxiraneof epoxy (Figure 1a) wasvery high at the be-
ginning stage of thereaction. Thedecreaseinintensity
of thepeak for oxiranering of epoxy confirmsthereac-
tion between epoxy and hydroxyl group of polysulfone.

The IR absorption peak of epoxy disappeared com-
pletely after the completion of the reaction between
polysulfone modified epoxy and the curing agent,
(DDM). Thisconfirmsthereaction between epoxy and
polysulfoneand theformation of interpenetrating poly-
mer network structure (IPN) (Scheme 2)1¢1,

Differential scanningcalorimetry

(a) Polysulfonemodified epoxy systems

Theglasstrangtiontemperature of (Tg) unmodified
epoxy and polysulfonemodified epoxy sysemsarepre-
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Figure2: DSC thermogramsof epoxy-polysulfone-DDM sys-
tems during cure (a) epoxy-polysulfone (4%) (b) epoxy-
polysulfone (8% ) and (c) epoxy-polusulfone (12%)
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Figure4: DSC tracesof BM -2 modified polysulfone-epoxy
systems (@) 4%, (b) 8% and (c) 12% BMI-2 modified
polysulfone (8% )-epoxy systems

sentedin TABLE 1 and Figure 2. The polysulfonemodi-
fied epoxy hybrids prepared aretransparent at ambient
temperature and thereisno evidence of phase separa-
tionisfound. Further thesingle value of T, observed
for polysulfonemodified epoxy system suggeststhat the
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Temperoture (t)

Figure3: DSC tracesof BM -1 modified polysulfone-epoxy
systems (a) 4%, (b) 8% and (c) 12% BMI-1 modified
polysulfone (8% ) -epoxy systems
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Figure5: DSC tracesof BM -3 modified polysulfone-epoxy
systems (a) 4%, (b) 8% and (d) 12% BMI-3 modified

polysulfone (8% ) -epoxy systems
hybridischemically bonded homogeneous products of
amorphous nature. Thevaue of glasstransition tem-

perature of epoxy systemisdecreased marginaly when
polysulfoneisincorporated.

For example, thevauesof T, obtainedfor 4%, 8%
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Figure6: TGA curvesof epoxy and polysulfone-epoxy sys-
tems (a) unmodified epoxy, (b) 4%, (c) 8% and (d) 12%
polysulfone-epoxy systems

and 12% polysulfone modified epoxy systems are
163°C, 161°C and 160°C respectively, when com-
pared withthat of 165°C obtained for unmodified ep-
oxy system. Theincorporation of polysulfoneraisedthe
viscosity of thesystem, which could resultin anincom-
plete curing reaction dueto the steric hindrance devel -
oped under the curing condition®2. Thethickening &f-
fect of polysulfoneisa so animportant factor which
givesrisetothereductioninthe crossinking density
and conseguent chainlengthening of polysulfone skel-
eton and hencemol ecul ar flexibility occursat low tem-
perature.
(b) Bismaleimidesmodified polysulfoneepoxy sys-
tems

Theglasstransition temperature obtained for un-
modified epoxy and bismaeimidesmodified polysulfone
epoxy systems are presented in Figures 3to 5. The
vaueof glasstrangtion temperature (T g) areincreased
with increase in percentage incorporation of
bisma e mides®* into epoxy, polysulfone-epoxy sys-
tems.

Therisein Tgwhen bismae mides(BMI-1, BMI-
2 and BMI-3) areintroduced into epoxy and modified
epoxy systems confirmsthe homopol ymeri sation reac-
tion of bismaleimideswhich predominatesrather than
that of Michael addition reaction. In addition,

= Fyl] Peper

— B

Weight

Temperature (C)

Figure7: TGA curvesof BMI-1 modified polysulfone-epoxy
systems (a) 4%, (b) 8% and (c) 12% BMI-1 modified
polysulfone (8% ) - epoxy systems

homopol ymerization reaction of bismalemidesleadsto
theformation of thermally stable -C-C- linkage. Fur-
ther, theimprovement inthevalue of T, lends support
to the earlier observationg®=8 that in the presence of
epoxy resin, homopolymerization reaction of
bismaleimides startseven below at 130°C. The single
valueof T, obtained for the polysulfone modified ep-
oxy, and bismal eimides modified polysulfone-epoxy
systemsfurther confirm theformation of inter-crosslink-
ing network.

Among the polysulfone modified epoxy,
bismaeimidesmodified polysulfone-epoxy systems, the
BMI-2 modified systems(TABLE 1) show higher im-
provement in theval ue of T, thanthose of BMI-1and
BMI-3 modified systemsdueto theformation of higher
crosslinking density than those obtained from BMI-1
and BMI-3 modified epoxy systems, because of more
number of availablereactive moleculesintheformer.

Thermogravimetricanalysis
(a) Polysulfonemodified epoxy systems

Theincorporation of polysulfoneinto epoxy resin
improvesthethermal stability and enhancesthedegra-
dation temperature according to its percentage con-
centration (Figure6). Thepresenceof polysulfoneske-
eton inthe epoxy system delaysthe degradation pro-

— P plericly Science
ﬂuVWMW



52 Studies on thermal and morphological characteristics

MSAIJ, 12(2) 2015

Full Poper =

00—

1 \\‘\\

sol—- )

——

Weight (%)

40— !

200 400 600 800

Temperature { C)

Figure8: TGA curvesof BM |-2 modified polysulfone-epoxy
systems (@) 4%, (b) 8% and (c) 12% BMI-2 modified
polysulfone (8% )-epoxy systems

cessand high thermal energy isrequiredto attainthe
same percentagewei ght lossthan that required for un-
modified epoxy system. Theformation of interpenetrat-
ing network between polysulfone and epoxy a so de-
lays the degradation temperature of the system. For
exampl e, thetemperaturerequired for 20%, 40% and
60% weight lossof unmodified epoxy-DDM systems
are376 °C, 386 °C and 402 °C respectively, whereas
thetemperaturerequired to attain the same percentage
weight lossfor 12% pol ysulfone modified epoxy sys-
tems are increased to 389 °C, 398 °C and 418 °C
respectively (Figure6).

(b) Bismaleimide modified polysulfone epoxy sys-
tems

The thermal degradation temperature of
bismaleimides(BMI-1, BMI-2 and BMI-3) modified
polysulfoneepoxy systemsaregiveninFigures7-9. It
isobserved that thethermal degradation temperature
of bisma eimides modified polysulfoneepoxy systems
areincreased withincreasing bisma elmides concentra-
tion dueto theformation of intercrosdinking network
between epoxy and bismal eimidesand rigid heterocy-
clicringstructureof bismaemides.

Among thebismaemidesmodified epoxy systems,
BMI-2 modified systems (Figures8) show higher ther-
mal degradation temperaturewhen compared with that
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Figure9: TGA curvesof BMI-3modified polysulfone-epoxy
systems (a) 4%, (b) 8% and (c) 12% BMI-3 modified
polysulfone (8% )-epoxy systems

of other bismaeimides(BMI-1 and BMI-3) modified
€poxXy systems.

Heat Distortion Temperature(HDT)

(a) Polysulfonemodified epoxy systems

From the heat distortion temperature values of
polysulfone modified epoxy systems, it isevident that
HDT decreasesmargindly withincreasing polysulfone
concentration (TABLE 1) dueto thethickening effect
of polysulfonewhich givesriseto thereductioninthe
crossinking density and consequent chain lengthening
of polysulfone skeleton and hence molecul ar flexibility
occursat low temperature.

(b) Bismaleimides modified polysulfone epoxy
systems

TheHDT vauesof polysulfonemodified epoxy and
bismaleimides(BMI-1, BMI-2 and BMI-3) modified
polysulfone-epoxy systemsareincreased with increas-
ing concentration of bismaliemides. The enhancement
intheheat distortion va ues of bisma e midesmodified
polysulfone epoxy systemsisdueto therigidity and
improved crossink density imparted by heterocyclic
nature of bismaemides. Amongthebismaemides
(BMI-1, BMI-2 and BMI-3) modified polysulfone
epoxy systems, the bismaleimide (BMI-2) modified
polysulfoneepoxy system exhibit higher improvement
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Figure10: SEM micrographsof (a) unmodified epoxy, (b) 8% PSF modified epoxy, (¢) 8% BM -1 modified epoxy (d) 8% BM -
2modified epoxy (e) 8% BM -3 modified epoxy (f) 8% BM -1 modified polysulfone (8 %) epoxy (g) 8% BMI-2 modified
polysulfone (8%) epoxy (i) (8%) BM -3 modified polysulfone (8 %) epoxy systems
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TABLE 2: Retention in tensilepropertiesof bismaleimidemodified polysulfoneepoxy matricesafter thermal ageing

Compostion (%)
Epoxy PS BMI-2

Retention of tensle strength (%)

Retention of Tensle modulus (%)

100 0 0 82
100 4 0 84
100 8 0 86
100 12 0 89
100 8 4 87
100 8 8 89
100 8 12 90
100 0 4 83
100 0 8 85
100 0 12 86

80

82
84
85

85
86
88

82
84
87

inthevalue of heat distortion temperature when com-
pared to that of BMI-1 and BMI-3 modified epoxy
systems(TABLE1).

Thermal ageing characteristics

The changesin mechanical propertiessuch asten-
slestrength and tensilemodul us of theunmodified ep-
oxy, polysulfone modified epoxy, bismaemidemodi-
fied polysulfoneepoxy hybrid matricesweredetermined
after subjecting theblendsat 125°C for 72 hours. The
percentage retention of the mechanica propertiesof the
blends after ageingispresentedin TABLE 2.

Effect of polysulfonecontent on thermal ageing

Thevaluesof tensile properties of aged matrices
are compared with those of unaged blends. The per-
centageretention of mechanica propertiesof theblends
isincreased with increas ng percentage incorporation
of polysulfonein themodified epoxy matrices. For ex-
ampl e the percentageretention of thevalue of tensile
strength of 4%, 8% and 12% polysulfone modified
epoxy systemsare 84, 86 and 89 (%) respectively. The
higher percentage of retention of tensile propertiesis
dueto the presence of polysulfoneskeletonintheep-
oxy systemwhich offered better ageingresistance. The
formation of interpenetrating network between
polysulfoneand epoxy a so delaysthedegradation pro-
cessand retainsthemechanica propertiesappreciably.

Effect of bismaleimideon thermal ageing

The percentage retention of mechanica properties
such astenslestrength and tensilemodulusisincreased
withincreasing percentageincorporation of bismale@mide
intheepoxy system. Thevauesarepresentedin TABLE
2. Itisobserved that the bismaleimide modified epoxy
system having 12 % composition of bismaleimide pos-
sess better retention of mechanica propertiesafter age-
ing. This can be explained as due to the presence of
network structure and thermally stablerigid heterocy-
clicringstructureof bismaemides.

Effect of bismalemideand polysulfonecontent on
thermal ageing

Theintroduction of bismaeimidesand polysulfone
into epoxy systemsimproved the percentageretention
of mechanicd properties, when compared with unmodi-
fied epoxy sysemsdueto thesynergistic effect offered
by the bismaeimidesand polysulfones(TABLE 2).

Morphology

The SEM micrographsof fractured surfacesof the
unmodified epoxy, polysulfonemodified epoxy and
bisma eimideincorporated polysulfone epoxy systems
reveal ed smooth and homogeneous microstructures
[Figure 10]. The homogeneous morphol ogy confirms
that thehybrid product isintheform of snglechemica
entity. Further this observation lends support there-
sultsobtained from DSC analysis. Theefficient inter-
action between polysulfone and epoxy resin and con-
sequent PN formation isthe cause for the devel op-
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ment of homogeneous morphology (Figures10and 11).
Thefractured surface of thebismaemides (BMI-
1, BMI-2 and BMI-3) modified polysulfone-epoxy
system aso indicates a smooth surface similar to
bismal eimide modified epoxy systems (Figure 10).

Water absor ption behavior

Date obtained from the water absorption studies
indicatethat theincorporation of polysulfoneinto ep-
oxy system and theincorporation of BMIsinto both
epoxy resin and polysulfone modified epoxy systems
were decreased the water absorption behavior, dueto
the hydrophobi ¢ behaviour imparted by polysulfoneand
enhanced crosslinking density induced by bismdemides
(TABLE 1).

CONCLUSION

The polysulfone modified epoxy and BMI modi-
fied polysulfone-epoxy intercrosdinked network hav-
ing varied concentrationsof BM| and polysulfonewere
prepared. Theresultsobtained from thermal studiesin-
dicatethat theincorporation of polysulfoneinto epoxy
resnmargindly lowersthevauesof TgandHDT, where
astheincorporation of bismaeimidesinto epoxy and
polysulfone modified epoxy enhancestheva uesof T,
and HDT to an gppreciable extent. SEM micrographs
confirm thehomogeneity of the modified hybrid epoxy
systems. The modification and hybridization of epoxy
with polysulfone and bismal eimidesimproved there-
sistanceto water absorption behaviour. Fromthere-
sultsobserved, itisconcluded that themodified hybrid
€poxy matrix system can be conveniently utilizedinthe
form of adhesives, coatings and compositesfor better
performanceand longevity.
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