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Abstract | Epoxy/epoxy blends composed of diglycidyl ether of bisphenol A(DBGBA) and 4,4'-tetra-
glycidy! diaminodipheny! methane(TGDDM) were formulated with six different blend compositions
and cured under five different cure conditions. Stoichiometric amount of diaminodiphenyl methane
(DDM) was used to cure the epoxy blends. Glass transition temperatures of the epoxy blends were
measured using a DSC(differential scanning calorimeter). Density change with blend compositions
was investigated. Effects of blend compositions and cure conditions on the tensile and impact strength

of the cured epoxy/epoxy blend were investigated.

INTRODUCTION

Among several thermosetting polymers, epoxy
resins are the largest segments of addition cured
thermosetting polymers which are used to make
structural composites in the aerospace industry.
Epoxy resins have been also used as a supporting
material for printed circuit boards because they
have good thermal and electrical properties. The
application areas of epoxy resins are wide because
they are easy to handle and process and have rea-
sonable thermal and mechanical properties. The
problem with epoxy is that their upper tempera-
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ture limit for structural performance is not so high
and their low impact and fracture toughness.
Modification of epoxy resins has been carried
out to improve the impact strength of cured epoxy
parts by incorporating thermoplastic polymers,l~2
especilly such as the low molecular weight liquid
rubbers(ATBN, CTBN)*™° and poly(ethylene
oxide).5 The impact strength of an epoxy system
composed of diglycidylether of bisphenol A
(DGEBA) and triethylenetetramine(TETA) was
considerably increased by adding the liquid rub-
bers(ATBN and CTBN)>~7 The toughness of

epoxy system could be also improved by disper-
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sing a lot of small rigid domains into the epoxy
matrices because the microdomains dispersed in
the epoxy matrices would change the fracture me-
chanism.®

In order to modify properties of thermosetting
polymers, thermoset-thermoset blend systems
have been also studied. For example, bismalei-
mide-triazine(biscyanate) (BT) type resins were
developed for laminating application. Gotro et al.?
carried out a characterization study of a bismalei-
mide/biscyanate/epoxy
printed circuit board applications. Instead of blend-
ing bisimide resins with the epoxy resin, Scola et

thermoset blend for

al’ used an amine curing agent containing bisi-
mide linkage in order to improve the thermal sta-
bility and mechanical properties of neat epoxy re-
sin. They could make a superior graphite fiber
reinforced composite using the bisimide amine
cured epoxy resin as a composite matrix.

The thermal stability of epoxy resin would be
improved by introducing higher temperature per-
formance resins such as polyimide and cyanate re-
sin. Woo et al.!! reported that the co-cured struc-
ture of epoxy(TGDDM + DDS)-bismaleimide(di-
phenyimethane BMI(60 wt % ) +tolylene BMI(40
wt%)) thermoset blend was a homogeneous inter-
crosslinked network. According to their results,
the thermal stability(glass transition temperature)
of epoxy resin increased linearly with BMI compo-
sition. Cure kinetics and chemorheological study
for the epoxy(DGEBA)-cyanate(4,4-diphenyl me-
thane dicyanate) blends formulated to enhance
thermal stability and electrical properties of epoxy
resin were studied by Chen.'

The impact and tensile properties of epoxy(TG-
DDM)/epoxy(DGEBA) blends cured under five
different cure conditions were investigated in this
study. The effects of blend compositions on the
mechanical properties of cured epoxy/epoxy
blends were also investigated. Optical microscopy
was also used to study the fracture surfaces of the
blends.
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EXPERIMENTAL

Materials. Epoxy resins and amine curing agent
used in this study were DGEBA(YD 128 from Ku-
kdo Chem. Co.), TGDDM(MY 720 from Ciba-
Geigy) and DDM(4,4’-Diaminodiphenyl methane
from Tokyo Chem.). Epoxide equivalent weight of
the DGEBA and TGDDM were 185~190 and
120~ 135 g/eq respectively. The density of DGEBA
and TGDDM were 1.16 and 1.21 g/cm®(both at
25C) respectively. Active amine hydrogen equiva-
lent weight of the DDM was 49.5 g/eq. H. The
stoichiometric amount of DDM was introduced for
all the blend formulations. The weight composi-
tions of DGEBA/TGDDM blends were 100/0, 80/
20, 60/40, 20/80 and 0/100 respectively. The mole-
cular structures of materials employed in this
study are shown in Fig. 1.

Preparation of Molded Parts for Mechanical
Tests. A silicon rubber spacer(200:<190X3 mm)
was used as a mold to produce cured DGEBA/TG-
DDM blend parts. Mold release agent was applied
on the resin contacting surfaces of bottom and top
steel mold plates for each casting operation. The
blend mixture was formulated by mixing the two
epoxy resins(DGEBA and TGDDM) at 90C and
then dissolving the curing agent(DDM). The reac-
tant mixture was degassed in a vaccum oven be-
fore pouring it into the mold. The following five
different curing conditions were used to produce
specimens for the mechanical tests.

1) 120C for 6 hrs

2) 120C for 3hrs and 150C for 3 hrs

3) 150C for 6 hrs

4) 120C for 3 hrs, 150C for 2 hrs and 175C for

1 hr

5) 175C for 4 hrs

Differential Scanning Calorimetry. A DuPont
DSC 910 supported by a DuPont thermal analyzer
(TA) was used in order to measure glass transi-
tion temperatures of the cured epoxy/epoxy ble-
nds. Small cured blend parts with about 10~ 15 mg
were sampled from the casted epoxy/epoxy blend
parts, and placed in the DSC cell where nitrogen
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Fig. 1. Chemical structures of epoxy resins and curing
agent.

gas flew continually. The heating rate used was 10
C/min. The scanning range was from 25 to 350C.

Density Measurement. In order to measure den-
sites of the epoxy/epoxy biends, the ASTM D
792-66 was employed. The specimens with void
free surface were prepared for the density measu-
rements. The sizes of specimens were smaller
than 1cm®. At least five specimens were prepared
for each experimental condition to obtain reasona-
ble density data from the measurements.

Impact Strength Measurement. The Tinius Olsel
Model 66 Izod Impact Tester was used for measu-
rement. The impact strength measuring experi-
ment was carried out according to the ASTM D
256-73 Method A. Five specimens were prepared
for each experimental condition to obtain reasona-
ble impact test data. Each impact strength value
was taken by averaging the five experimental va-
lues. The dimensions of specimens were 63.6 mm
long, 12.7 mm wide and 3 mm thick. A notch of 2.5
mm depth was placed at the center of each speci-
men.

Tensile Strength Measurement. Tensile proper-
ties of the epoxy/epoxy blends were measured by
Instron Model 1125 Tensile Tester. ASTM D

Zz2|H A18d #23 1994 3¢

638-76 was employed to measure the tensile pro-
perties of the epoxy/epoxy blends. Dimensions of
specimens were 165 mm long, 13 cm wide. 3 mm
thick. The gage length was 50 mm. A crosshead
speed was 1 mm/min. Five specimens were pre-
pared for each experimental condition for accuracy
of the measurement. Each tensile strength value
for each condition was obtained by averaging the
five experimental values.

RESULTS AND DISCUSSION

Glass Transition Temperature of the Epoxy/
Epoxy Blends. Glass transition temperatures of the
cured epoxy/epoxy blends were measured using
the DSC with a heating rate of 10C/min. Fig. 2
shows the glass transition temperatures of epoxy/
epoxy blends, cured under the cure condition (5),
as a function of blend composition. The glass tran-
sition temperature of pure DGEBA and TGDDM
cured under the cure condition (5) were 148C
and 181C respectively. The reactivity of DGEBA
to the aromatic amine curing agent, DUM 1s usua-
lly higher than that of TGDDM because the mobi-
lity of DGEBA is higher because of its low molecu-
lar weight(Mn=about 380) comparing to TGDDM
(Mn=about 530). In general, TGDDM needs high
temperature to activate the curing reaction th-
rough epoxide ring opening because it has high
bulk viscosity. The glass transition temperature of
the blends were higher, especially over about
40wt% TGDDM contents, than the Tg value cal-
culated using an idealized simple linear addition
rule(line connecting Tg of DGEBA and Tg of TG-
DDM). This positive deviation from ideality was
considered to be caused by the fact that the cured
structure of the epoxy/epoxy blends would be
different with typical nonreactive thermoplastic
blends because both epoxy resin were reactive,

Usually a random copolymer of two monomers
with different Tg's has 4 glass transition which lies
somewhere in between the Tg's of the respective
homopolymers.”® If this glass transition is studied
as a function of comonomer concentration, in ideal
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situation very simple relations between the Tg’s of
the homopolymers and those of the copolymers are
observed as like Fox equation'* indicating negative
deviation.

In order to establish analytical relations between
Tg and structural features of amorphous networks
and to allow prediction of Tg with changes in che-
mistry, a model for a polymer network was deve-
loped by Chompff.!® In this model the network
polymer is treated as a ter-polymer of branch
points, chain segments and chain ends, each of
which contributes a different amount of free vo-
lume to the total system. The cured structure of
the epoxy/epoxy blends would contain DGEGA-
DDM and TGDDM-DDM linkage mainly. The
DGEBA-DGEBA, TGDDM-TGDDM and DGEBA-
TGDDM linkages could be produced by an autoca-
talytic reaction of hydroxyl group produced th-
rough the epoxide ring opening reaction. The rea-
ctivity of TGDDM to DDM might be increased by
blending DGEBA because the mobility of TGDDM
would be increased slightly. Owing to these rea-
sons, the crosslinking density of the epoxy/epoxy
blends would be higher than the weight average
value calculated using a simple linear contribution
of each epoxy resin. The positive deviation of Tg
data shown in Fig. 2 was considered to be caused
by the more complicated network structure resul-
ted from the complex reaction mechanism of the
epoxy/epoxy blends.

Density of the Epoxy/Epoxy Blends. Density
data of the epoxy/epoxy blends cured under the
cure condition (5) were measured using the
ASTM D 792-66, and shown in Fig. 3 as a function
of blend compositions. The specimens for the den-
sity measurements were smaller than 1cm?®, and
their surfaces were void free. The density of each
specimen was calculated by the following equation.

Wd+Ws

3
Wi X 0.9975(g/cm”)

p(density) =
Wd : weight of dried specimen at 23T

Ws | weight measured in the distillated water at
23T
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Fig. 2. Glass transition temperature of the epoxy/
epoxy blend as a function of blend composition. cure
condition (5).
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Fig. 3. Density of the epoxy/epoxy blend with TG-
DDM contents. cure condition (5).

The density of the epoxy/epoxy blend was al-
most linearly proportional to TGDDM contents as
shown in Fig. 3, and each density data lay on the
straight line connecting the density value of pure
DGEBA and pure TGDDM.

Tensile Properties of the Epoxy/Epoxy Blends.
Tensile modulus data of the epoxy/epoxy blends
cured under the cure condition (5) were shown in
Fig. 4 as a function of TGDDM composition. The
tensile modulus of DGEBA was 4.25 kgf/mm? and
that of pure TGDDM 5.56 kgf/mm? The tensile
modulus increased linearly with TGDDM contents.
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The stiffness of the epoxy/epoxy blend increased
as the contents of TGDDM was increased because
TGDDM was stiffer than DGEBA.

The tensile strength data of the epoxy/epoxy
blend cured under the cure condition (5) shown
in Fig. 5 indicate a different trend compared to the
tensile modulus data shown in Fig. 4. The tensile
strength(maximum load at breaking point) of pure
DGEBA(3.23 X 10%kgf/mm?) was higher than that
of pure TGDDM(2.7 X 10%kgf/mm?). Even though
the pure DGEBA resin was more flexible, it had
higher tensile strength because its strain rate at
breaking point was higher. The tensile strength of
the epoxy/epoxy blend indicated maximum value
at about 60 wt% TGDDM contents. It was consi-
dered that this result was caused by the intercros-
slinking between DGEBA and TGDDM produced
through the autocatalytic reaction between epoxide
ring and hydroxyl group from the epoxide ring
opening reaction.

Fig. 6 shows the tensile strength data of pure
DGEBA cured uner the five different cure condi-
tions. The highest tensile strength for pure
DGEBA resin was observed from the sample cured
under the cure condition (1). This result indicated
indirectly that the crosslinking density was lowest
and the ductility was highest for this curing condi-
tion. The chemical conversion for the epoxide ring
would increase as the curing temperature was inc-
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Fig. 4. Effect of blend composition on the tensile mo-
dulus of the blend. cure condition (5).
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reased if the curing time period was same. The
chemical conversion of pure DGEBA resin cured
under the cure condition (5) would be highest
among the five different samples.

Impact Strength of the Epoxy/Epoxy Blends.
Impact strength data of epoxy/epoxy blends cured
under the cure condition (5) were shown in Fig.
7 as a function of blend composition. The impact
strength of the epoxy/epoxy blend decreased with
TGDDM contents. The impact strength of pure
DGEBA(2.53 kgf - cm/cm) was  slightly higher
than that of pure TGDDM(2.0kgf - cm/cm).
DGEBA resin is more ductile compared to TG-
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Fig. 5. Effect of blend composition on the tensile stre-
ngth of the blend. cure condition (5).
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Fig. 6. Effect of cure conditions on the tensile stre-
ngth of pure DGEBA.
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DDM resin because crosslinking density of
DGEBA resin is lower than that of TGDDM resin.

Fig. 8 shows the impact strength data of the
epoxy/epoxy blend, containing 20 wt% of TGDDM,
cured under the five different cure conditons. The
impact strength of the blend was affected largely
by cure conditions. The impact strength of the
blend cured under the cure condition (1) was
highest. From this result, it was considered that
the crosslinking density was lowest and the
flexibility highest for the sample cured under the
cure condition (1).

Optical micrographs for the fracture surfaces of
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Fig. 7. Effect of blend composition on the impact stre
ngth of the blend. cure cuuuwon 15).
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Fig. 8. Effect of cure conditions on the impact stre-
ngth of the blend containing 20 wt% of TGDDM.
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the epoxy/epoxy blend containing 20 wt% of TG-
DDM are shown in Fig. 9 for three different cure
conditions(cure condition (1), (3) and (5)). The
patterns of fracture surfaces of the blends could
describe well the results of impact strength data
shown in Fig. 8. Comparing the fracture surface for
the blend cured under cure condition (1)(Fig. 9
(a)) with the fracture surface for the blend cured

{c)

Fig. 9. Optical micrographs for fracture surfaces of the
blend containing 20 wt% of TGDDM({ x400). (a)
cure condition (1), (b) cure condition (3), (¢) cure
condition (5).
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under cure condition (5)(Fig. 9(c)). it was shown
that the blend cured under the cure condition (1)
was more ductile than the blend cured under the
cure condition (5). Fig. 9(a) shows a lot of fine
cracks on the fracture surface. But Fig. 9(c) shows
that the fracture surface was resulted from only a
few large cracks. This was resulted from the diffe-
rence in crosslinking density between the blends
cured under the various cure conditions. The cro-
sslinking density of the blend would be affected by
cure condition, which affected directly chemical
conversion of the blend system. The higher the
chemical conversion, the higher the crosslinking
density of the epoxy/epoxy blend. It is noticeable
that impact strength of thermosetting polymer de-
creases with crosslinking density but hardness
(modulus) increases with crosslinking density. In
order to control mechanical properties of epoxy
resin the amount of crosslinking agent can be cha-
nged.

CONCLUSIONS

The epoxy/epoxy blend composed of bifunc-
tional and tetrafunctional epoxy monomers were
cured under the five different cure conditions. The
glass transition temperatures of the blends were
increased with TGDDM contents, and indicated
positive deviation from the weight average value
calculated from the glass transition temperature of
pure DGEBA and TGDDM. Density of the epoxy
blend increased linearly with TGDDM contents.
The tensile and impact strength of the blend was
affected largely by cure conditions and blend com-
positions. The tensile modulus of the blends were
linearly increased with TGDDM contents. The im-
pact strength of the blends were decreased with
TGDDM contents. The tensile strength of the
blends indicated maximun value at 60 wt% TG-
DDM contents. Optical micrographs for fracture
surfaces could describe well the impact test result.
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