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Bisphenol A-based polysulfone (PSF) was found to be miscible with uncured bisphenol A-type epoxy resin,
ie. diglycidyl ether of bisphenol A (DGEBA), as shown by the existence of a single glass transition
temperature (7,) within the whole composition range. Miscibility between PSF and DGEBA is considered
to be due mainly to entropy contribution. Furthermore, PSF was judged to be miscible with the 4,4’
diaminodiphenylmethane (DDM)-cured epoxy resin (ER) as revealed by the means of differential scanning
calorimetry (d.s.c.), dynamic mechanical analysis (d.m.a.) and scanning electron microscopy (SEM). D.s.c.
and d.m.a. studies showed that the DDM-cured ER/PSF biends had only one T,. SEM observation revealed
that the DDM-cured ER/PSF blends was homogeneous. Both tensile and flexural properties of the DDM-
cured ER/PSF blends slightly improved compared to those of the pure DDM-cured ER. Both fracture
toughness (Kc) and fracture energy (Gyc) increased by ca. 20% with the addition of PSF to the system.
Morphological investigation of the Kjc fracture surface suggests typical characteristics of brittle fracture.

© 1997 Elsevier Science Ltd.
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INTRODUCTION

Epoxy resins are some of the important polymeric
materials which are extensively used as the matrices for
fibre-reinforced composite materials, adhesives and
coatings as well as other engineering materials'?.
However, not all the properties of the materials are
beneficial, such as inherent brittleness, i.e. low toughness
and crack resistance due to their high crosslinking
densities. Considerable attention has been paid to
modify epoxy resins. A successful modification routine
is elastomer toughening, e.g. carboxyl-terminated buta-
diene-acrylonitrile rubber (CTBN), amine-terminated
butadiene-acrylonitrile rubber (ATBN)3_7, silicone,
etc.2"1> have been applied to enhance toughness of
epoxy resins. As a dispersed phase, the elastomeric phase
actually acts to alleviate crack propagation and improve
the toughness of epoxy resins. In these systems, the
toughening has been considered to mainly arise from
shear-deformation in the matrices and the presence of
rubber particles”!4~1

More recently, many attempts have been made to
modify epoxy resins with high-performance engineering
thcrmoplasticsw_m, especially to improve toughness of
highly crosslinked epoxy resins, e.g. tetrafunctional epoxy
resins. Various types of thermoplastics, such as poly(ether
sulfone) (PES)!417.18, poly(etherimide) (PEI)!619-21
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poly(ether ether ketone) (PEEK), etc.22”2*) have been
explored to modify epoxy resins. Some results indicate
that the modifications necessitate a fine phase-separated
structure and a good interfacial adhesion between the
two separated phases. A thermoplastics-dispersed phase
structure or a co-continuous phase structure in thermo-
plastics-modified epoxy resins usually yields greater
fracture toughness. The enhanced toughness of the
system has been suggested to arise from crack pinning
and the rupture of the dispersed thermoplastics!4!15,

As a part of a series of our studies on the modifications
of epoxy resins in this laboratory”™*! =¥’ this work concerns
the investigation on the miscibility and mechanical proper-
ties in blends of bisphenol A-type epoxy resin and bis-
phenol A-based polysulfone (PSF). PSF was chosen as a
modifier because of its high toughness, high modulus,
high T, thermal and chemical resistance and its stability
against moisture. Some authors”®3%3%% phaq reported
about 4,4'-diaminodiphenylsulfone (DDS)-cured epoxy
resin chemically modified with amine and hydroxy
terminated polysulfone (PSF) oligomers. They reported
that the ductile deformation (stretching and tearing) of
the PSF oligomer particles and the plastic deformation
of the epoxy matrix around these particles were the
main energy absorbing processes. In our work, PSF was
physically blended with the epoxy resin (ER) and 4,4’-
diaminodiphenylmethane (DDM) was used as the curing
agent. The miscibility of both the uncured ER/PSF blends
and the DDM-cured ER/PSF blends is examined.
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Furthermore, tensile properties, flexural properties and
fracture toughness of the DDM-cured blends are presented.

EXPERIMENTAL
Materials and preparation of samples

The bisphenol A-type epoxy resin E-51 with epoxide
equivalent weight 185-210, i.e. diglycidyl either of
bisphenol A (DGEBA), was obtained from Wuxi Resin
Factory, Wuxi, P.R. China. Bisphenol A-based poly-
sulfone (PSF) was supplied by Shanghai Shuguang
Chemical Industrial Factory, Shanghai, P.R. China, it
had an intrinsic viscosity [] = 0.53dl g~! in the solution
of chloroform at 25°C. The PSF was dried at 150°C for
2h before using. The curing agent was chemically pure
grade 4,4'-diaminodiphenylmethane (DDM) and was
purchased from Shanghai Reagent Co., Inc., Shanghai,
P.R. China.

Uncured DGEBA/PSF blends were prepared by
solution casting from chloroform, the solvent was
evaporated slowly at room temperature. The residual
solvent was removed under vacuum at ambient tempera-
ture for 2 weeks.

To prepare the DDM-cured ER/PSF blends, PSF was
first dissolved in DGEBA with continuous stirring at
160°C. The mixture obtained was degassed under
vacuum for half an hour and then cooled to 100°C.
Then, DDM was added to the mixture as the curing
agent at 100°C with continuous stirring until a homo-
geneous ternary mixture was obtained. The ternary
mixture was cured in a Teflon mould which was highly
polished. The samples were cured successively at 80°C
for 2h, 150°C for 2h, and 200°C for 2 h.

Differential scanning calorimetry (d.s.c.)

Calorimetric measurement was performed on a Perkin
Elmer DSC-7 thermal analysis apparatus in a dry
nitrogen atmosphere. The instrument was calibrated
with an indium standard. To remove the thermal history
of the samples, a thermal pretreatment was used. All
samples (about 10 mg in weight) were first heated up to
220°C and held for 3 min, and then quenched to —60°C.
All ds.c. curves were recorded at a heating rate of
20°C min~!. The glass transition temperatures (Tgs) were
taken as the midpoint of the capacity change.

Dynamic mechanical analysis (d.m.a.)

Dynamic mechanical measurements were made on a
Dynamic Mechanical Thermal Analyser MK III (Rheo-
methric Scientific, Ltd., UK) with temperature scanned
from 120°C to 200°C. The frequency used was 3 Hz and
heating rate 3.0°C min~!. Specimen dimensions were
1.2 x 0.2 x 0.1 cm’.

Morphological observation

To investigate the phase morphology of the cured ER/
PSF blends, the specimens were fractured under cryo-
genic condition using liquid nitrogen. The fractured
surfaces thus obtained were etched in dichloromethane
at room temperature for 10 h. The etched specimens were
dried to remove the solvent. The Kj¢ fracture surface was
also observed. A Hitachi X-650 scanning electron
microscope (SEM) was used for observation, before
which the surfaces were coated with thin layers of gold of
200 A.
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Figure 1 The schematic diagram of three-point bending specimen for
measuring fracture toughness

Tensile tests

Tensile tests were carried out on a DCS-5000 testing
machine (Shimadzu Co. Ltd., Japan) at ambient tem-
perature (25°C). Standard dumbbell specimens (ASTM
D638) with 2.5 x 0.6 x 0.4 cm® neck were used. A mini-
mum of five specimens were tested in each case to obtain
the average value. Crosshead speed was 2mmmin~’,
corresponding to a relative strain rate of 0.08 min~"'.

Flexural tests

The flexural properties were measured by a three-point
bending test, according to ASTM D790-84a, on a DCS-
5000 testing machine (Shimadzu Co. Ltd., Japan) at
ambient temperature (25°C). The specimens were placed
on two supports with a span of 64 mm and the load was
applied by means of a loading nose midwaY between the
supports. Crosshead speed was 2mmmin~ and a mini-
mum of five specimens were tested in all cases.

Fracture toughness measurements

Fracture toughness was measured by the notched
three-point bending test with a crosshead speed of
1.3mms™! according to ASTM E399. The schematic
diagram of a three-point bending specimen is shown in
Figure 1. Central Vee-notches were machined in the bars,
and extended by pressing a fresh razor blade into the tip
of the notch to give a crack length of 3.3 £ 0.3 mm. The
thickness of the specimen was about 8mm and a
minimum of five specimens were tested in all cases.

The critical stress intensity factors Kjc, i.e. fracture
toughness, were calculated using the equation

Kic = P.S/BW*If (4/W) (1)

where P, is the load at crack initiation, B is the thickness
of specimen, S is the span width, W is width of the
specimen, and A4 is crack length (see Figure I). The
critical strain energy release rate Gyc, i.e. fracture energy,
was calculated from Kjc as

Gic = (1 = v*)Kic/E (2)

where v is Poisson’s ratio and E is the flexural modulus.

RESULTS AND DISCUSSION
Miscibility of DGEBA/PSF blends

All the DGEBA/PSF blends prepared as described
above were transparent at ambient temperature. Further
heated up to 280°C, these blends still remained clear
and no evidence of phase separation was found. This
observation suggests that the DGEBA/PSF blends
possess a single, homogeneous, amorphous phase.

All the blends were subjected to the studies of thermal
analysis. The d.s.c. curves shown in Figure 2 indicate that
all the blends display a single glass transition tempera-
ture (T,), intermediate between those of the two pure
components and changing with the blend composition.
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Figure 2 D.s.c. curves of the DGEBA/PSF blends
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Figure 3 Composition dependence of glass transition temperature of
DGEBA/PSF blends. The curve is as predicted by the Gordon—Taylor
equation using a k value of 0.26

According to the transparency and glass transition beha-
viour, the conclusion should be come to that DGEBA/
PSF blends are clearly miscible at the entire composition.
Figure 3 summarizes the T, values obtained from d.s.c.
as a function of blend composition. Several theoretical
and empirical equations have been used to describe the
T,—composition of miscible polymer blends. One of
these, the Gordon—Taylor equation‘m, is written as

Tg:(Wngl+kW2Tg2)/(W1+kW2) (3)

where T, is the glass transition temperature of the blend,
T, and T,, are the glass transition temperatures of
components 1 and 2, respectively, W is the weight
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Figure 4 D.s.c. curves of the DDM-cured ER/PSF blends

fraction and k is a constant. The curve in Figure 3 is
drawn using the Gordon—Taylor equation with a k value
of 0.26, fitting the experiment data well.

Prud’homme et al.*'*? have suggested that k can be
taken as a semi-quantitative measure of strength of the
interaction between the components of the blend. For
instance, in blends of poly(e-caprolactone) with chlori-
nated polyethylene, poly(vinyl chloride) (PVC) and
chlorinated PVC, k increases from 0.26 to 1.0. When
such an approach is used for the DGEBA/PSF blends,
a k value of 0.26 suggests a weak interaction between
DGEBA and PSF. It should be pointed out that the
miscibility of the DGEBA/PSF biends can be considered
to be due mainly to the entropy contribution as the
molecular weight of DGEBA is rather low.

Miscibility of DDM-cured ER/PSF blends

All the DDM-cured ER/PSF blends studied were
transparent at room temperature. Further heated up to
300°C, these blends still remained clear. This observation
primarily suggests that these blends were homogeneous
and had single-phase structure.

D.s.c. The d.s.c. curves of the DDM-cured ER/PSF
blends all give one single T}, as shown in Figure 4. In
addition, all the blends studied remained essentially
transparent even at 300°C. The existence of a single T,
together with the transparency, suggests the homoge-
neous nature of the DDM-cured ER/PSF blends.

From Figure 4, it can be seen that the T, of the blends
are all somewhat lower than that of the pure DDM-cured
ER. The addition of PSF raised the viscosity of the
system, which could result in an incomplete curing
reaction due to the steric hindrance under the present
curing condition®®. Furthermore, the dilution effect of
PSF is also an important factor which gives rise to the
decrease of the crosslinking density. Therefore, the cross-
linked network gives lower glass transition temperatures.

Dynamic mechanical properties. Presented in Figure 5
are the dynamic mechanical spectra ranging from 120 to
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Figure 5 Dynamic mechanical spectra of (a) 100/0, (b) 95/5, (c) 90/10
and (d) 85/15 DDM-cured ER/PSF blends

200°C for the pure DDM-cured ER and the DDM-cured
ER/PSF blends. Figure 5a shows the dynamic mechani-
cal spectrum of the pure DDM-cured ER, and there
exists a well-defined relaxation peak centred at 184°C,
which is ascribed to the glass transition of the cured
ER. Figures 5b—d show the dynamic mechanical spectra
of DDM-cured ER/PSF blends containing 5, 10 and
15wt% PSF, respectively. A single tan § peak could be
identified for these ER/PSF blends in Figures 5b—d.
This result confirms the full miscibility of the blend com-
ponents. It can be seen that the T, of ER/PSF blends
obtained by d.m.a. are also slightly lower than that of
the pure DDM-cured ER. The d.m.a. result presented
here is in good agreement with that from d.s.c.

It can also be seen from Figure 5 that the relative width
of half-height of glass transition peak remarkably
increases with increasing PSF content. The width of
the glass transition can reflect the magnitude of local
composition fluctuations in the polymer blends, and
hence the relative homogeneity or miscibility of the
system‘“. The peak width increasing with PSF content
also implies that the DDM-cured ER/PSF blends are
miscible.

Phase morphology. The morphology of the cured
blends were investigated by means of SEM. Figure 6
presents the SEM micrographs of solvent-etched fracture
ends of the 92.5/7.5 and 85/15 DDM-cured ER/PSF
blends. The specimens were fractured under cryogenic
condition using liquid nitrogen and etched with dichloro-
methane. If the cured blends were phase-separated, the
PSF phase could be preferentially etched by the solvent
while the cured ER phase remained unaffected. The
SEM micrographs in Figure 6 appear to show no
evidence that the blends are heterogeneous. The SEM
observation supports the d.s.c. and d.m.a. results.

From the above results, it can reasonably be con-
cluded that all the DDM-cured ER/PSF blends obtained
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Figure 6 SEM micrographs of fractured surfaces of (a) 92.5/7.5 and
(b) 85/15 DDM-cured ER/PSF blends etched with dichloromethane

are homogeneous and have a single phase. These results
are different to McGrath’s?’-2938, They found that
DDS-cured ER/PSF oligomer blends were immiscible. It
has been shown that the different curing agents could
have a remarkable influence on the phase behaviour of
the epoxy blends***.

With DDM adding to DGEBA/PSF mixture at
elevated temperature, the curing reaction involving
chain extension, branching and crosslinking took place.
As the curing reaction proceeded, the molecular weight
of the system greatly increased, and the crosslinking
network structure in three-dimensions formed. On the
other hand, the occurrence of crosslinking caused the
dramatic changes of the chemical and physical natures
in the system. Both the factors affected the phase
behaviour of the blends. Of course, competition exists
between the phase separation and the crosslinking
reaction during the curing process. If gelation occurs
prior to phase separation, homogeneous blends can be
obtained. In the present case, the relatively low initial
curing temperature (80°C) and the high viscosity of the
PSF are beneficial for obtaining homogeneous blends,
and therefore a semi-interpenetrating polymer network
(semi-IPN) may form with the system remaining
miscible. Furthermore, it is the homogeneous phase
structure that resulted in the decrease of the crosslinking
density and hence the decrease of T, of the DDM-cured
blends.
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Figure 7 Tensile modulus as a function of PSF content for the DDM-
cured ER/PSF blends
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Figure 8 Tensile strength at break as a function of PSF content for the
DDM-cured ER/PSF blends

Mechanical properties of DDM-cured ER/PSF blends

Tensile properties. No yields were observed on the
stress—strain curves of the pure DDM-cured epoxy resin
and all the blends, showing that DDM-cured ER and
its blends with PSF were basically brittle materials at
room temperature. From the initial slopes of the stress—
strain curves, tensile moduli were calculated, The values
obtained for tensile modulus, tensile strength at break
and elongation at break are plotted in Figures 7-9,
respectively, as functions of PSF content. It can be
seen that tensile modulus, tensile strength at break and
elongation at break all show basically a slight increase
with increase of PSF content. The addition of PSF
slightly improved the tensile properties of the DDM-
cured ER.
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Figure 9 Elongation at break as a function of PSF content for the
DDM-cured ER/PSF blends
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Figure 10 Flexural modulus as a function of PSF content for the
DDM-cured ER/PSF blends

Flexural properties. Figures 10—12 respectively show
the flexural modulus, flexural strength at break and flex-
vral strain at break as functions of PSF content for the
DDM-cured ER/PSF blends. They all show a modest
increase with increasing PSF content. McGrath er al.
had reported that flexural modulus decreased slightly
when modified with amine and hydroxy terminated
PSF oligomers?’~?3, This difference in flexural modu-
Ius between ours and McGrath’s is because the PSF we
used is simply a polymer, but not an oligomer.

Fracture toughness. The plots of Kic and Gy vs. PSF
content in the cured blends are presented in Figure 13. As
observed, both the fracture toughness (Kjc) and the frac-
ture energy (Gyc) increased by ca. 20% with the addition
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Figure 11 Flexural strength at break as a function of PSF content for
the DDM-cured ER/PSF blends
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Figure 12 Flexural strain at break as a function of PSF content for the
DDM-cured ER/PSF blends

of PSF to the system. We could not assume that the
toughening effect was completely due to the contribution
of the thermoplastic polymer. A decrease in crosslinking
density of the epoxy network could also lead to the same
behaviour®,

The SEM micrograph of the surface of fracture
mechanics test end can give some information about
the toughening mechanism. Shown in Figure 14 is an
SEM micrograph of the Kj¢ fracture surface of the 85/15
DDM-cured ER/PSF blend. The cracks spread freely and
regularly, and oriented in the direction of loading, suggest-
ing typical characteristics of brittle fracture. It appears to
be rather different from that observed by McGrath et
al =23 They used hydroxyl terminated PSF oligomers
and obtained the DDS-cured blends with two-phase
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Figure 13 Kjc and Gi¢ as functions of PSF content for the DDM-
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Figure 14 SEM micrograph of Kjc fracture surface of the 85/15
DDM-cured ER/PSF blend

structure and good interfacial adhesion, showed a ductile
deformation of the PSF particles and a plastic deformation
of the DDS-cured epoxy matrix around these particles.

CONCLUSIONS

The results presented here clearly show that DGEBA/
PSF blends are completely miscible over the entire
composition. The miscibility between DGEBA and PSF
is mainly attributed to entropy contribution. D.s.c.,
d.m.a. and SEM studies revealed that the DDM-cured
ER/PSF blends obtained were homogeneous. Both tensile
and flexural properties of the DDM-cured ER/PSF
blends slightly improved compared to those of the pure
DDM-cured ER. Both Kj¢ and Gy increased by ca. 20%
with the addition of PSF to the system. Morphological
investigation of the Kjc fracture surface of the 85/15
DDM-cured ER/PSF blend shows typical characteristics
of brittle fracture.
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