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An epoxy resin based on diglycidyl ether of bisphenol A has been modified with poly(ether sulfone) (PES) 
and poly(acrylonitrile-co-butadiene) rubber (NBR) and cured with 4,4'-diaminodiphenylsulfone. The 
fracture behaviour of the ternary blend was examined using a fracture mechanics approach. Depending 
on the combination of PES and NBR, two distinct morphological states were shown, and the fracture 
behaviour varied from brittle to ductile with changing morphology. From fracture surface observations 
by scanning electron microscopy, the ternary blends that showed ductile fracture behaviour have a 
phase-inverted morphology in which the NBR-rich phase formed a continuous matrix, the epoxy-rich 
phase formed particles and the PES-rich phase also formed particles around the epoxy particles. Dynamic 
mechanical thermal analysis revealed that the ternary blends exhibited high Tg, as high as the T B of the 
unmodified epoxy resin. 

(Keywords: ternary epoxy blends; mechanical properties; morphology) 

INTRODUCTION 

Epoxy resins are used extensively in areas where their 
stiffness, temperature performance and solvent resistance 
are required. They are, therefore, one of the principal 
materials for coatings, adhesives, electrical laminates and 
fibre-reinforced structural component applications. The 
resin's desirable properties stem from the high crosslink 
density that develops on cure. However, the fully cured 
resin cannot absorb energy under stress, and hence is of 
a brittle nature. Thus tremendous effort has been, and is 
currently being, focused on improving the toughness of 
epoxy resins. 

The most successful and most well established method 
of increasing their toughness is to incorporate a second 
phase of dispersed rubbery particles into the crosslinked 
polymers t'2. Addition of rubbery materials to epoxy 
resins has been shown to enhance their fracture toughness 
while lowering their glass transition temperature (Tg) and 
thermal and solvent stability. This limits the number of 
high-performance applications such as aerospace, ad- 
vanced marine, transportation and building construc- 
tion. Recently, high-performance thermoplastics have 
been used to toughen epoxy resins 3-9. Owing to the high 
modulus and high Tg of these thermoplastics, the 
modulus and T~ of the modified epoxy resin can reach 
or even surpass those of the neat epoxy resin. The 
thermoplastic modification of epoxy resins provides a 
solution to the embrittlement, with minimal loss in other 
desirable properties. It has also been shown that the 
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thermoplastic-modified epoxies exhibit various types of 
morphology, depending crucially on their backbone 
structure, molecular weight and the end-group chemistry 
of the thermoplastics, and through morphological 
control desirable fracture toughness properties can be 
achieved 6. However, the difficulty of controlling 
morphology limits the further improvement of toughness 
in thermosetting resins. 

There seem to be few works on ternary blends of 
thermoplastics and rubber with epoxy. Pearson and 
Yee 1° have investigated ternary blends of poly(phenylene 
oxide)/styrene-butadiene-styrene triblock copolymer 
(PPO/SBS) and poly(phenylene oxide)/carboxyl- 
terminated butadiene-acrylonitrile rubber (PPO/CTBN) 
with epoxy. Although the addition of rubber results in 
an increase in fracture toughness in PPO-modified binary 
epoxies, the effect on fracture toughness is no greater 
than that with CTBN alone. This implies that the 
interaction between rubber and thermoplastic does not 
work additively on fracture toughness. A group at Fudan 
University 1~ has studied the toughening of epoxy by a 
copolymer of poly(ether sulfone) (PES) and n-butyl 
acrylate. A blend of PES and the copolymer as a 
modifier for epoxy resulted in an increase in fracture 
toughness. 

The objective of the present work was to evaluate the 
effect of the combination of rubber and ductile 
thermoplastic on the fracture toughness of epoxy resin, 
and to examine the morphology changes in such systems. 
More specifically, the effect of adding poly(acrylonitrile- 
co-butadiene) rubber (NBR) to PES/epoxy blend has 
been investigated. 
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EXPERIMENTAL 

Materials 
All the materials used throughout this work were from 

commercial sources and were used as received. The epoxy 
resin employed was Epicote 828, comprising bisphenol 
A and epichlorohydrin, as supplied by Shell Chemical 
Co., cured with 4,4'-diaminodiphenylsulfone (DDS). This 
resin had an epoxy equivalent weight of 188.5 g mol -  1. 
The thermoplastic was poly(ether sulfone) (PES), 
supplied by ICI (Victrex 5003P, M, = 25000). The 
rubber used here was nitrile-butadiene rubber, NBR41, 
with a bound acrylonitrile content of 41%, as supplied 
by Japan Synthetic Rubber Co. 

Curing procedure 
The rubber and epoxy components were mixed in 

dichloromethane/methanol 90/10 v/v,  and the solution 
was stirred for approximately 30min to achieve 
dissolution. The thermoplastic was dissolved in the same 
mixed solvent combination, and this solution was filtered 
through glass wool into the epoxy/rubber  mixture. It 
was then heated to remove excess solvent and then DDS 
was added to the mixture at 80% stoichiometrically. This 
was then poured into a preheated mould at 145°C. The 
sample was degassed in vacuo at 145°C for 30 min in an 
open mould, cured at 180°C in air at atmospheric 
pressure, and allowed to come to room temperature. 
Table 1 lists the formulations evaluated in this study. 

Fracture toughness measurements 
The fracture toughness was measured using a 

single-edge-notched specimen (5 .0mm x 10 mm x 
60 mm) in a three-point bending geometry by applying 
either linear elastic fracture mechanics or non-linear 
elastic fracture mechanics. These specimens were cut out 
from the moulded samples, a sharp notch was machined 
in each specimen and a natural crack was generated by 
tapping a new razor blade placed in the notch. Before 
use, the razor blade was cooled in liquid nitrogen, which 
facilitated the propagation of a sharp crack in front of 
the tip of the razor blade. 

For  the materials showing brittle fracture behaviour, 
linear elastic fracture mechanics was used in accordance 
with the European Structural Integrity Society12; the 
critical stress intensity factor, K~c, and the critical strain 
energy release rate, G~¢, for the initiation of crack growth 

Table l List of formulations for this study 

Designation Epoxy (g) DDS (g) PES (g) NBR (g) 

Epoxy 79 21 0 0 
N5 79 21 0 5 
N10 79 21 0 10 
N15 79 21 0 15 
P5 79 21 5 0 
P10 79 21 10 0 
P30 79 21 30 0 
P5N5 79 21 5 5 
P5N10 79 21 5 10 
P10N5 79 21 10 5 
P10N10 79 21 10 10 
P15N5 79 21 15 5 
P15N10 79 21 15 10 
P20N5 79 21 20 5 
P20N10 79 21 20 10 

were determined using a single-edge-notched specimen 
in a three-point bending geometry. The results given are 
the average of at least five test specimens. The tests were 
performed on a Shimazu testing machine at a constant 
crosshead speed of 0.5 mm min-  1 at room temperature. 
K~¢ was calculated from: 

3PSal/2 
KI= = Y - -  (1) 

2BW 2 

Here P is the critical load for crack propagation, S is the 
length of the span, a is the crack length, B is the thickness, 
W is the width and Y is the non-dimensional shape factor, 
given by: 

1.99 - (a/W)(1 - a~ W)[2.15 - 3.93a/W + 2.7(a/W)2] y -  
(1 + 2 a / W ) ( 1 - a / W )  3/2 

(2) 

G~c values were determined using the following relation- 
ship: 

U 
G,c - (3) 

BWO 
Here U is the stored elastic energy, determined from the 
area under the load versus displacement curve, and the 
energy calibration factor, ~b, is defined as: 

c (  dc ~ -1 
~= \ d ( ~ }  (4) 

and may be evaluated either from measuring the 
compliance C as a function of crack length or more 
readily from published tables. In the present work the 
values of ~b were taken from the table in the testing 
protocol of the European Structural Integrity SocietylZ. 

To characterize the ductile fracture toughness 
behaviour, the multi-specimen R-curve method was used 
in accordance with the recommended procedure for 
establishing J=o outlined by ASTM la. More specifically, 
a number of cracked three-point bend specimens were 
loaded to various displacements, producing different 
amounts of crack extension, Aa, and then unloaded. 
Extension Aa was determined by marking crack growth 
with a permeable dye that was injected into the specimen 
notch before testing 14. The value of J for each specimen 
was determined from the area under its load versus 
displacement curve and the relationship given by: 

2U 
J - (5) 

B(W - a) 

The R-curve (J vs. Aa) was then constructed and J=, was 
taken by extrapolating the line to the point at which Aa 
was zero. 

Dynamic mechanical thermal analysis 
Dynamic mechanical measurements were carried out 

on a Rheovibron model DOV EA dynamic viscoelasto- 
meter (Tokyo Baldwin Co., Japan), with temperature 
scanned from - 150 to + 250°C. The frequency used was 
11 Hz and the heating rate was 2.0°C min-  1. Tg values 
refer to the maximum in tan f.  

Morphological observation 
Scanning electron microscopy (SEM) and transmit- 

tance optical microscopy (TOM) were used to observe 
the morphology of the cured blends. For  morphological 
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Figure 1 SEM micrographs of fracture surfaces, illustrating the effect of varying the concentration of NBR on the morphology of NBR-modified 
binary epoxies: (a) 5 phr NBR; (b) 10 phr NBR; (c) 15 phr NBR 

observation by SEM, cured plaques were fractured under 
cryogenic conditions using liquid nitrogen and then 
coated with gold to reduce any charge build-up. To detect 
the crack tip deformation, the load samples were 
observed using SEM. 

TOM observations were also carried out to observe 
the morphology. The specimens for TOM observations 
were prepared by microtoming of the cured blends with 
a glass knife at room temperature. 

Energy-dispersive spectroscopy 
In order to identify the location of the PES phase in 

the ternary blend of epoxy/poly(ether sulfone)/rubber, 
an energy-dispersive analyser (Phillips EDAX ECON) 
attached to an SEM (Akashi ISI-DS 130 Dual Stage) 
was used. This technique has recently been used to 
examine the morphology in a blend of poly(ether sulfone) 
and bismaleimide resin 15. The bombardment of incident 
electrons on the sample surface leads to back-scattering 
of X-rays, the energies of which are analysed. Each energy 
is characteristic of the element from which it came, and 
thus, in the case of the ternary blends, the presence of 
sulfur in the poly(ether sulfone) backbone allows the 
thermoplastic-rich phase to be identified. (Although the 
curing agent used, DDS, also contains sulfur, the 
concentration of the curing agent was much less than 
that of the thermoplastic.) Prior to analysis, the samples 
were carbon-coated using a JEOL JEE 4B vacuum 
evaporator. 

RESULTS AND DISCUSSION 

Morphology 
Morphological features of the NBR/epoxy and 

PES/epoxy binary systems and NBR/PES/epoxy 
ternary system can be found in the SEM and OTM 
micrographs. 

The SEM micrographs of the NBR/epoxy binary 
blends are shown in Figure I. Such micrographs show a 
tendency towards formation of morphological features 
in modified epoxies with increase of rubber content. The 
modified epoxy containing 5 phr NBR (Figure la) shows 
the typical particulate morphology in which NBR-rich 
particles are dispersed in the epoxy-rich phase. The 

Figure 2 SEM micrograph of 30 phr PES-modified epoxy showing a 
featureless fracture surface 

Figure 3 SEM micrograph of P10N5 ternary epoxy's fracture surface 
illustrating the particulate morphology 

POLYMER Volume 35 Number 24 1994 5285 



Ternary blends of epoxy, PES and NBR: S. Horiuchi et al. 

10 phr NBR-modified epoxy shows a relatively rough 
fracture surface, as shown in Figure Ib, and thus it is 
difficult to identify morphological features. Modified 
epoxies containing more than 15 phr of NBR show 
phase-inverted nature in which the NBR-rich phase is 
formed as a continuous phase, as shown in Figure Ic. 

In contrast, PES-modified epoxies showed no surface 
features, as shown in Figure 2. Previous detailed studies 
have shown that the morphology of epoxy/thermoplastic 
blends can be tailored by varying the thermoplastic 
concentration, thermoplastic molecular weight, thermo- 
plastic backbone structure, or reactive end-group 
concentration 6. By changing these parameters, homo- 

Figure 4 SEM micrograph of P5N10 ternary epoxy's fracture surface 
illustrating the phase-inverted morphology 

geneous, particulate, co-continuous and phase-inverted 
type morphologies can be achieved. Within our 
observations of fracture surfaces in PES-modified 
epoxies, no morphological features were exhibited within 
the composition range in this work, which indicates that 
PES and epoxy are completely miscible and form a single 
phase. Further evidence for miscibility was obtained by 
d.m.t.a., shown later. 

In the NBR/PES/epoxy ternary system, two distinct 
types of morphologies could be found, as shown in the 
SEM micrographs in Figures 3 and 4. The micrograph 
in Figure 3 shows clear phase separation in which the 
particles aggregate and form spherical domains ranging 
in size from 30 to 100 #m. The micrograph in Figure 4 
shows another type of morphology in which a large 
number of globules with a relatively uniform diameter 
are seen. With respect to the volume fraction of each 
component of the ternary blends, the globules are 
assumed to consist mainly of crosslinked epoxies, which 
indicates that phase inversion has occurred and that 
epoxy-rich spherical domains are dispersed regularly in 
the matrix. By careful observations of the fracture surface 
at high magnification in SEM, as shown in Figure 5a, it 
has been found that particles smaller than the epoxy-rich 
ones exist and that this system is three-phase. In 
particular, the micrograph in Figure 5b shows cavities of 
the particles, which indicates that small particles tend to 
exist around the epoxy-rich particles. The matrix and the 
smaller particles can be consistently referred to as either 
NBR-rich or PES-rich phase. Figure 6 shows TOM 
micrographs at the same magnification of the phase- 
inverted morphology with a different combination of PES 
and NBR contents. It is obvious that the size of the 
epoxy-rich particles in each formulation is different. The 
average particle size increases with decrease of weight 
per cent incorporation of NBR and is much bigger than 
that observed in the NBR-modified binary system (N15). 

Figure 7 shows the sulfur distribution line profile 
obtained from EDAX for the morphology shown in 
Figure 3. The (barely visible) horizontal line through the 

Figure 5 SEM micrograph illustrating: (a) small particles around epoxy-rich particles in fracture surface of P5N5 ternary 
epoxy; (b) cavities corresponding to the small particles in fracture surface of P15N10 ternary epoxy 
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Figure 6 TOM micrographs of phase-inverted morphology at x 375 magnification: (a) P5N5 (incorporation of NBR is 
4.5 wt%); (b) P5N10 (8.7 wt%); (c) P10N10 (8.3 wt%); (d) P15N10 (8.0 wt%). The particle size increases with decrease 
of weight per cent incorporation of NBR 

centre of the micrograph shows the axis along which the 
sulfur distribution was measured. As can be seen from the 
distribution profile (also barely visible), the featureless 
areas of the fracture surface are rich in sulfur and therefore 
correspond to the PES-rich phase, and the areas that are 
poor in sulfur correspond to NBR-rich phase. 

Fracture touohness 
Typical load-displacement curves obtained in this 

study are shown in Fioure 8. Curve A in Fioure 8 

represents brittle unstable crack growth, which is a linear 
diagram with an abrupt drop of load to zero at the instant 
of crack growth initiation. Curve B represents brittle 
unstable crack growth, which is also a linear diagram, 
but crack growth is in stick-slip manner; and curve C 
represents ductile stable crack growth in which cracking 
is continuous and stable. 

In this study, the NBR-modified binary epoxies 
containing 5 and 10 phr and all PES-modified binary 
epoxies exhibited brittle fracture behaviour, with the load 
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versus displacement curve of type A. In the ternary 
formulations, the systems that have particulate mor- 
phology as shown in Figure 3 exhibited brittle fracture 
behaviour with the curve of type B, and the formulations 
that have the phase-inverted morphology exhibited 
ductile fracture behaviour with the curve of type C. The 
NBR-modified binary epoxies containing more than 
15 phr of NBR also showed ductile fracture behaviour. 
Table 2 lists the Kic fracture toughness values and Glc 
fracture energy values for the systems that showed brittle 
fracture behaviour. As is well known in the earlier 
literature 1'2, the addition of NBR rubber results in the 
expected increase in fracture toughness; furthermore, the 
addition of PES also results in the increase in fracture 
toughness 3. 

In the ternary formulations that have the particulate 
morphology, the load-displacement curve was linear 
and, after crack growth initiation, a crack propagated in 
stick-slip manner as shown in Fi#ure 8. By observation 
of the fracture surface as shown in Figure 3, it has been 
found that the crack propagates with an abrupt drop 
through the matrix and then stops at the rubber domain 
surface and deviates from its path. Such a deviation 

1 o o  A B 

o SO 

I I 
0 0 . 5  1 .0  

D i s p l a c e m e n t  (mm)  

Figure 8 Typical load-displacement curves of fracture toughness 
measurements illustrating: (A) brittle unstable crack growth; (B) brittle 
unstable crack growth and crack propagation in stick-slip manner; 
(C) ductile stable crack growth 

Figure 7 Sulfur line profile using energy-dispersive spectroscopy to 
identify the location of PES in particulate morphology of the ternary 
blend 

Table 2 Mechanical and morphological properties of modified epoxies 

Figure 9 SEM micrograph showing the deformation at the crack front 
in three-point bend specimen 

Loading level (phr) 
KIc GIc 

PES NBR (MN m -2) (kJ m -2) 
31¢ Fracture 
(kJ m -  2) behaviour Morphology 

0 0 0.73 0.15 
0 5 1.00 0.38 
0 10 1.94 1.04 
0 15 - - 

5 0 0.77 0.12 
5 5 - - 
5 10 - - 

10 0 0.83 0.15 
10 5 0.75 0.26 
10 10 - - 

15 5 0.96 0.29 
15 10 - - 

20 5 1.43 0.37 
20 10 1.11 0.48 

30 0 0.95 0.25 

0.16 Brittle Homogeneous 
0.45 Brittle Particulate 
1.12 Brittle _a 
1.20 Ductile Phase inversion 

0.13 Brittle Homogeneous 
0.48 Ductile Phase inversion 
1.15 Ductile Phase inversion 

0.17 Brittle Homogeneous 
0.48 Brittle Particulate 
0.65 Ductile Phase inversion 

0.30 Brittle Particulate 
1.28 Ductile Phase inversion 

0.42 Brittle Particulate 
0.52 Brittle Particulate 

0.29 Brittle Homogeneous 

=Morphology could not be identified 
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O ,d 

~ ~ j e ~  PMAX 

ompliance C= tan O 

D i s p l a c e m e n t  

Figure 10 The determination of PSO/o and compliance C in fracture 
toughness test 

results in increased surface area, and the energy required 
to propagate such a crack increases. Quantitatively, the 
model may be stated as16: 

Kc _ ( E o  0.87 Vf)) U2 
Koo ~ (1 + (6) 

where K¢ is the fracture toughness of the modified epoxy, 
Ko is the fracture toughness of the unmodified epoxy, Ec 
is the Young's modulus of the modified epoxy, E o is the 
Young's modulus of the unmodified epoxy, and Vf is the 
volume fraction of spheres. Given that the ratio of the 
Young's moduli is close to unity for the ternary system 
and the volume fraction of NBR rubber is no greater 
than 30%, then one may conclude that only a modest 
increase would be observed. Actually, on comparison of 
the Kic values of the binary systems and the ternary 
system, there seems to be no advantage in terms of 
fracture toughness on going to the ternary system. 

In contrast, the ternary formulations that have the 
phase-inverted morphology as shown in Figure 4 showed 
a non-linear load-displacement curve, which had broad 
peaks not well defined and the total displacement was 
significantly larger. With the formulations that showed 
ductile fracture behaviour, stress whitening was observed 
ahead of the initial notch when the load was applied 
above a certain level. The higher the load, the larger is 
the whitened region. The SEM micrograph in Figure 9 
shows the deformation of the polymer ahead of the crack 
tip in the crack opening direction. This deformation and 
drawing at the crack tip seems to dissipate the energy 
that is put into the material and make the material 
ductile. In those formulations, fracture toughness was 
improved from brittle to ductile on going to the ternary 
system from binary systems. According to the test 
protocol of the European Structural Integrity Society 12, 
to stay in the linear elastic fracture mechanics (LEFM) 
condition, it is further specified that: 

Pmax/Pso/o < 1.1 (7) 

where Pmax is the maximum load and Ps°/o is the load 
where the initial compliance C + 5% intersects the load 
curve, as shown in Figure I0. If Pm,x/Pso/. > 1.1, the 
LEFM test is valid and non-linear fracture mechanics, 

the J-integral, should be introduced. The characteristic 
parameter, J, was obtained using the multi-specimen 
R-curve method 13. The R-curves for each formulation 
are illustrated in Figure 11. Jic was taken by extrapolation 
of J to the point at which the displacement was zero. In 
the earlier literature 17-2°, Jlc values were determined at 
the point of intersection of the R-curve and the blunting 
line J = 2Aatxy. In this work, as shown in Figure 12, the 
intersection of the R-curve and the blunting line is close 
to the extrapolation of the R-curve to the point at which 
Aa is zero. Therefore, the load at the extrapolation of 
the R-curve was determined to be Jl~. For comparison 
of the J parameter with each formulation, J~¢ values were 
calculated for the formulations that exhibited brittle 
fracture behaviour at the maximum load, Pm,x, versus the 
relationship given by the following equation 1 T: 

j _  2Umax (8) 
B ( W  - a )  

This was done because of difficulty in controlling Aa 
when dJ/d(Aa) was small. The use of equation (8) was 
justified since no evidence of ductile tearing was visible 
on the fracture surfaces of these specimens, which were 
unloaded just prior to attainment of the maximum load. 

Table 2 summarizes Jl¢ values obtained by the 
procedure mentioned above. By the addition of NBR to 
PES/epoxy blend, the fracture behaviour changes from 
brittle to ductile and the Jl¢ value increases dramatically 
below 15 phr of PES loading. Viscosity limitation did 
not permit the preparation of samples containing greater 
than 15 phr NBR. The blend containing more than 20 phr 
PES did not change its fracture behaviour on addition 
of NBR. 

D.m.t.a. analysis 
To determine the Tg of each phase and how the bulk 

properties of the matrix change with temperature, 
d.m.t.a, analysis was carried out. Representative curves 
illustrating the storage modulus and tan 6, as a function 
of temperature, of the four morphologically distinct 
formulations are shown in Figures 13 and 14. Figure 13 
illustrates the curves obtained from the binary system: 
one set is for 10 phr NBR-modified binary epoxy, which 
has particulate morphology, and the other set is for 5 phr 
PES-modified epoxy, which has no morphological 
features in the fracture surface. Figure 14 illustrates the 
curves of the ternary system: one set is obtained from 
10 phr NBR- and 15 phr PES-modified ternary blend, 
which has phase-inverted morphology, and the other set 
is from 5 phr PES- and 10 phr NBR-modified ternary 
blend, which has NBR-rich particulate morphology. The 
neat epoxy resin cured with DDS was also measured and 
the Tg was determined at 197°C from the peak of tan 6. 

The NBR-modified binary system exhibits two glass 
transition values. The peak on the tan 6 curve in the 
low-temperature region corresponds to the Tg of 
NBR-rich phase and the other one is the Tg of the 
epoxy-rich matrix phase. By addition of NBR, the Tg of 
the matrix decreases dramatically as listed in Table 3. In 
the PES-modified binary formulations, the Tg of the 
matrix did not decrease so much as for the NBR-modified 
binary system, and no other peaks were exhibited. As 
shown in Figure 14, the ternary systems showed two types 
of dynamic mechanical properties with distinct mor- 
phological states. The 10phr NBR- and 15phr 
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0.4 

PES-modified ternary blend exhibits a large drop in the 
storage modulus at the Tg of the NBR-rich phase, and a 
third peak was present on the shoulder of the tan 6 peak, 
which was assigned to epoxy-rich phase. The 5 phr 
NBR- and 10 phr PES-modified ternary blend exhibits 
two peaks on the tan 5 curve, which were assigned to 
NBR-rich particles and epoxy-rich matrix respectively. 
In Figure 15, the T~ of the epoxy-rich phase determined 
by tan 6 curve was plotted against the loading level of 

PES. With increase of PES loading level, the Tg increases 
and finally reaches the level of the neat epoxy's Tg. 

The dynamic mechanical behaviour of these formula- 
tions is also explained by the respective morphologies of 
each formulation. The PES-modified binary system 
exhibited dynamic mechanical behaviour similar to that 
of the neat epoxy resin. Only one glass transition was 
observed on the tan 5 curve, suggesting that no phase 
separation has occurred during the curing process. 

5290 POLYMER Volume 35 Number 24 1994 



Ternary blends of epoxy. PES and NBR." S. Horiuchi et al. 

2.5 , J , 10 10 

~I-" J = 2 .~a.  

, .  

1.5. 

0.1 

g 
1, m 

" .9o 

ca 0.01 

0.5. 

0 0. I 0.2 0.3 0.4 

A a , D i s p l a c e m e n t  ( m m )  

Figure 12 J-integral curves of N5P5 with blunting line (J = 2Aaar) 
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modulus and loss tan 6 of 10phr PES- and 15 phr NBR-modified 
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Figure 15 Effect of PES on Tg of epoxy-rich phase obtained from 
d.m.t.a, analysis: (0) 5 phr NBR; ( l )  10 phr NBR 

Figure 13 D.m.t.a. data of the binary systems: (0,  ©) storage 
modulus and loss tan6 of 5 phr PES-modified binary blend; 
(A, A) storage modulus and loss tan f of 10 phr NBR-modified binary 
blend 

Within our formulation study of the PES-modified binary 
system (P5, P10 and P30), as listed in Table I, all 
PES-modified binary formulations exhibited no surface 
features in the fracture test as shown in the SEM 
micrograph of P30 in Figure 2, and all the cured blends 
were transparent. It can therefore be thought that the 
cured blend is homogeneous and PES is miscible with 

the epoxy within the load range below 30 phr. With all 
ternary formulations, which have phase-inverted 
morphology as shown in Figure 14, a large drop in the 
storage modulus when the Tg of NBR was passed was 
observed. This suggests that the NBR-rich phase formed 
a continuous phase. A third peak on the shoulder of the 
peak of the epoxy-rich phase on tan 6 was also detectable 
with these systems. With the morphological observation, 
this peak corresponds to small particles that exist around 
the epoxy-rich phase as shown in Figure 5. Another 
type of ternary formulation, which has particulate 
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Table 3 Glass transition temperature obtained from tan 3 trace in 
d.m.t.a, analysis 

T~ (of) 

Designation NBR Epoxy Morphology 

Epoxy - 197 Homogeneous 
N5 - 17 151 Particulate 
N10 1 155 -° 
P5 - 189 Homogeneous 
P5N5 15 161 Phase inversion 
P5N 10 17 153 Phase inversion 
P 10N5 5 211 Particulate 
P15N10 19 187 Phase inversion 
P20N 10 3 205 Particulate 

aMorphology could not be identified 

morphology, exhibited similar dynamic mechanical 
behaviour to that of the NBR-modified binary system. 
There are two peaks on the tan ~ curve corresponding 
to the Tg of NBR-rich phase and epoxy/PES matrix 
respectively. Compared with the NBR-modified binary 
system, the Tg of the NBR-rich phase is slightly greater 
in the ternary systems as listed in Table 3. This implies 
that in the ternary system the NBR-rich phase traps a 
certain amount of PES and epoxy. 

Fioure 15 shows the effect of PES on the Tg of the 
epoxy phase: there is a jump in Tg when the PES loading 
increases from 5 to 10 phr in the ternary system. One of 
the factors that could account in part for the increase of 
Tg is its relative melt viscosity. The higher loading level 
of PES exhibited greater viscosity and this increase may 
hinder phase separation, trap slightly more PES in the 
epoxy phase, and cause the high Tg of the epoxy phase. 
On the other hand, the Tg of the NBR-rich phase is little 
affected by the load of PES but depends on the 
morphology type of the formulations. The formulations 
having phase-inverted morphology show higher T s of the 
NBR-rich phase than those having particulate mor- 
phology. This indicates that the NBR-rich phase in 
phase-inverted morphology includes more of the epoxy 
and PES. 

CONCLUSION 

In conclusion, it has been found that the incorporation 
of NBR/PES into a commercial high-performance 
epoxy/amine system can improve the fracture toughness 
from brittle to ductile. The NBR/PES-modified ternary 
systems have shown two distinct morphological states 
with mechanical and morphological properties unique to 
each. One consists of an NBR-rich matrix with 
epoxy-rich particles and PES-rich particles around the 
epoxy particles; the other consists of a PES/epoxy 
homogeneous matrix with NBR-rich particles that 
aggregate with each other to form large domains. As 
listed in Table 2, the addition of some NBR to the 
PES/epoxy single-phase system leads to phase inversion. 
This morphology creates a continuous rubber matrix, 

which allows deformation of the material at the crack 
front to absorb a large amount of energy prior to 
catastrophic failure of the material. The morphology in 
the ternary system depends on the combination of the 
loading level of NBR and PES. There seems to be a 
tendency that the higher the PES loading level, the more 
NBR is needed to obtain a phase-inverted morphology. 
Unfortunately, viscosity limitation did not permit the 
further loading of both PES and NBR, and hence it has 
not been possible to determine a direct morphology- 
loading level relationship, and further work is required. 

The glass transition temperature of the ternary system 
increases with the loading of PES and finally reaches the 
unmodified epoxy's Tg when the PES loading level is 
more than 15 phr. Higher loading level of PES causes 
increased viscosity, which hinders phase separation and 
traps more PES in the epoxy-rich phase, and hence the 
high Tg of the epoxy phase can be achieved. 

The results from this work have demonstrated that the 
modification of epoxy resin with a combination of rubber 
and thermoplastic is a promising toughening technique 
of brittle epoxy resin with minimal loss in thermal 
properties. 
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