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Abstract

Epoxy resin based on diglycidyl ether of bisphenol A and varying content of hydroxyl terminated polybutadiene were cured using an anhy-
dride hardener. The ultimate aim of the study was to modify the brittle epoxy matrix by liquid rubber to improve the toughness characteristics.
Chemorheological analysis of the modified network was performed to understand the physical transformations taking place during the cure
polymerization reaction. The delay in gel time on inclusion of rubber can be explained by lower reactivity due to dilution and viscosity effect.
Tensile, flexural, and fracture toughness behaviors of neat as well as modified networks have been studied to observe the effect of rubber mod-
ification. The morphological evolution of the toughened networks was examined by scanning electron microscope, and the observations were
used effectively to explain the impact properties of the network having varying content of liquid rubber. Acoustic emission studies were per-
formed on neat and certain modified systems. Based on acoustic emission results and morphological characteristics, toughening and failure
mechanisms were discussed. The behavior of the relaxation peaks were evaluated by dynamic mechanical analysis and tried to explain the com-
position of networks. Thermal stabilities of the toughened epoxies were studied using thermogravimetric analysis (TGA). The activation energy
for decomposition of neat and modified epoxies has been estimated and compared. The reduction in cross-linking density of the thermoset upon
modification has been confirmed and explained.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy resins are characterized with outstanding perfor-
mances such as toughness, rigidity, high temperature perfor-
mance, chemical resistance, adhesive properties, formulation
latitude, and reactivity with a wide variety of chemical curing
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agents [1]. The resin forms a highly cross-linked network
structure having relatively high stiffness and glass transition
temperature (7,) with high chemical resistance. However,
the inherent toughness of the network polymer is low. Elasto-
meric modification is one of the most frequently used and
widely accepted methods for improving properties of epoxy
networks. The copolymer of acrylonitrile and butadiene with
end carboxyl functional groups, CTBN, can react with the ep-
oxide groups, and hence are popularly employed as a modifier
to epoxy. A high level of interfacial adhesion and property im-
provements are achieved by this elastomer [2—4]. Hydroxyl
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terminated internally epoxidized polybutadiene rubber has
been used as a modifier for epoxy matrix in a number of stud-
ies [5—7]. Barcia et al. [8] employed HTPB as a surface mod-
ifier in carbon fiber (CF) reinforced, epoxy matrix composites.
The surfaces of carbon fibers (CFs) were grafted with HTPB,
and this formed a flexible interface between CF and epoxy ma-
trix, which ultimately improved the mechanical behavior of
the system. In an interesting study, the DGEBA based epoxy
resin was modified with block copolymers from isocyanate
terminated polybutadiene [9]. Ozturk et al. [10] employed
modified HTPB rubbers to improve thermal and mechanical
properties and ultimately to toughen an epoxy thermoset
matrix.

The objectives of the present study are to investigate the me-
chanical and fracture behavior of epoxy resin modified with hy-
droxyl terminated polybutadiene (HTPB) liquid rubber and
thus to characterize their morphology and toughening mecha-
nisms. The obvious characteristic of the elastomer is its immis-
cible nature with the epoxy resin and hence in a phase separated
state from the major epoxy matrix throughout the cure reaction.
In the literature there are not many works on the structure—
property relationship of epoxy—HTPB system. The importance
of the study is that a cyclic anhydride is used as a curing agent.
Based on the mechanical properties and morphological analy-
sis, attempts have been made, to analyze toughening mecha-
nisms prevailing in the phase separated matrix. Since the
composition varies, chemical reaction kinetics and hence
cross-linking nature of cured product alter which lead to varia-
tions in mechanical behavior. Analysis of the structure—
property relationship of epoxy—cyclic anhydride—HTPB sys-
tem is a new endeavor to the best of our knowledge. Based
on acoustic emission studies and morphology, a failure mecha-
nism has been proposed. Viscoelastic properties and thermal
analyses of modified epoxies have been studied. Decrease in
cross-link density was observed with the inclusion of elastomer.

2. Experimental
2.1. Materials

The epoxy resin used was liquid diglycidyl ether of bisphe-
nol A (DGEBA) (Araldite Gy 250) with an equivalent value of
5.3 eqkg~'. An anhydride (under the trade name, Hy 906) was
used as curative. N,N-Dimethyl benzylamine was used as the
accelerator having the trade name of Gy-062. All the chemi-
cals were supplied by Huntsmann, Mumbai, India. The liquid
rubber, hydroxyl terminated polybutadiene HTPB, was sup-
plied by Vikram Sarabhai Space Center, India. Fig. 1 shows
the structures of components and Table 1 gives the character-
istics of HTPB.

2.2. Preparation of epoxy—HTPB blend

Stoichiometric amount of epoxy resin and hardener were
taken and stirred for 10 min to ensure proper dispersion of
hardener. Varying weights of HTPB were added followed by
accelerator and stirred again for 15 min. The system was
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degassed to remove any issuing gases for 5 min and poured
into a steel mould, which was greased. The sample was then
pre-cured at 100 °C for 30 min followed by post curing for
1.5h at 180 °C. The cure condition was chosen from DSC
studies performed in the dynamic mode, which revealed that
almost all curing process took place before 180 °C. Fig. 2(a)
demonstrates the dynamic DSC curve of 10 phr epoxy—
HTPB blend.

2.3. Characterization

2.3.1. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed
using Perkin—Elmer DSC-7 equipment, USA. The cure condi-
tions were determined in the dynamic mode at 5 °C/min (in
a dry nitrogen atmosphere and calibrated with an Indium stan-
dard) to verify the time to complete the cure process. Isother-
mal measurements were also done at 100, 120, 140, 160 and
180 °C to calculate the enthalpy related to the curing process.
About 3—5 mg of samples in aluminum pans were used for
each measurement. The heat evolved during the reaction of
the mixture was directly determined by integration of the exo-
thermic peaks. The curves, obtained with the long-time iso-
thermal scanning, were used to determine the degree of
conversion and rate of curing using the traditional procedure
of the measurement of the reaction heat [11,12].

Table 1

Characteristics of HTPB liquid rubber

Hydroxyl value (mg KOH g’]) 42.4
Acid value (mg KOH g ") 0.3
Specific gravity at 25 °C 0.9055
Molecular weight (VPO) 2710
Viscosity at 30 °C, Brookfield (cps) 6160
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Fig. 2. (a) Dynamic DSC curve of 10 phr epoxy—HTPB blend. (b) Rate versus
time for neat and modified epoxies at an isothermal cure temperature of
120 °C. (c) Conversion versus time for neat and modified epoxies at an isother-
mal cure temperature of 120 °C.

2.3.2. Determination of gel point

The gel point was determined according to ASTM 2471, by
putting about 100 mg of the sample in several tubes, which
were placed into an oil bath at 100 °C. The tubes were with-
drawn from the bath at different times and chilled in an ice
bath to quench the reaction. The polymeric material was dis-
solved with tetrahydrofuran (THF). The gelation point was
determined from the presence of insoluble fraction.

2.3.3. Rheological analysis

Rheological dynamic time sweeps were performed by a
Dynamic stress controlled Rheometer in the laboratory of De-
partment of Chemical Engineering, K.U. Leuven, Belgium to
study the variations of rheological properties during cure. Par-
allel plate geometry (25 mm diameter) under a constant stress
of 50 Pa was used in the oscillatory mode at a constant fre-
quency of 1 Hz keeping a strain of 5%. All measurements
were done at N, atmosphere. Gelation was defined as the point
where the loss factor (tan ¢) becomes independent of fre-
quency [13,14]. Viscosities of the modified resins were also
recorded by the same instrument.

2.34. Morphology analysis

Scanning electron micrograph (SEM) was performed using
a JEOL JSM 5800 model SEM, Belgium with an electron volt-
age of 15 kV and secondary electron detector to examine the
fracture surfaces of toughened epoxy matrices. The samples
were fractured under liquid nitrogen and first treated with tol-
uene to extract the rubber phase, then dried under vacuum. A
thin section of the fractured surface was cut and sputter coated
with a thin layer of gold prior to fractographic analyses. The
size and distribution of dispersed particles were determined
by means of semiautomatic image analyses. The SEM micro-
graph of the fractured surface was first scanned and converted
into digitized image, which was analyzed using an ‘‘Analysis
3.0” programme to obtain the average diameter values of the
dispersed particles and particles size distribution.

2.3.5. Mechanical testing

The tensile tests were also performed in an Instron 4204 test-
ing machine, India, at a crosshead speed of 1 mm/min, accord-
ing to ASTM D-638. The specimens were cut from cured sheets
using a fine band saw to dimensions of 85 x 20 x 3 mm°. The
values were taken from an average of at least five specimens.

Fracture toughness, Kjc, measurement was done on single-
edge notched SEN-T specimens cut from the plates of epoxy—
liquid elastomer blends. The dimensions of the specimens were
in the following order: length =110 mm, breadth =30 mm,
thickness = 3 mm, and length of notch = 10 mm. Before the
measurement the cuts were made sharper by sawing and sharp-
ening with a razor blade.

Fracture toughness was determined from the load—dis-
placement curve when the loading is increased monotonously.
(Tensile tester ZWICK Z020 universal testing machine, Hun-
gary at | mm/min crosshead speed at room temperature.)
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From the load—elongation response of the SEN-T speci-
mens the fracture toughness can be determined using the fol-
lowing expression:

Fo. a
Kie — max /2 (7) 1
IC 7BWa A W ( )

where F,x = maximum force from the load—elongation
trace; B = thickness of the specimen; W = width of the speci-
men; a =total notch length (produced by saw and razor
blade).

f(a/W)is the geometry correction factor and is expressed
as:

f (%) —1.99—0.41 (%)

a\? a\3 a\*
1187 (W) 38.48 (W) 453.85 (W) 2)
To evaluate the K¢ value, specimen size parameters were
determined on each individual specimen.
Critical strain energy release rate (fracture energy) Gic was
computed using the expression,

Gie = (’%) 3)

where E = elastic modulus.

The impact strength of the notched specimens was deter-
mined by Charpy Monsanto Tensiometer, China, using rectan-
gular specimens of 60 x 12 x 2mm® according to ASTM
standard D 6110-06, 2003. Each specimen was then milled us-
ing a Clarkson deadlock facing cutter and notched to a depth
of 5.5 mm with a metal slitting saw at an angle of 60° using
a Schaublin 53 milling machine. The impact test was carried
out at room temperature and the impact energy was reported
in Joules per meter. The values were taken from an average
of at least ten specimens.

Flexural tests were performed with rectangular samples
according to ASTM D-790 using an Instron 4204 testing ma-
chine, China fitted with a three-point bending fixture at a cross-
head speed of 2 mm/min. The dimensions of the samples were
120 x 25 x 2.5 mm?® and the span to thickness ratio was set at
L/D =32:1 in all cases. The flexural strength (FS) was deter-
mined from the following formula:

3
FS = 5 X peakload x span x — e (thickness) (4)
The results are expressed in Mega Pascal (MPa), which is
the average of the results from five samples. The flexural strain

was also determined.

2.3.6. Acoustic emission studies (AE)

Acoustic emission (AE) measurements were carried out
during the tensile test of the SEN-T specimens according to
ISO 527 on a computer controlled universal tensile tester
type Zwick Z020 at room temperature at 5 mm/min extension
speed. The acoustic signals were recorded with a microphone
type A-11 that operates based on the piezoelectric principle

(Micro30S, Physical Acoustic Corporation, USA) and which
was connected to a 16-channel device type, SENSOPHONE
AED-40/12 Gereb & Co. Ltd, Hungary, through a logarithmic
amplifier. The examinations of the pressed specimens were
completed on the same machines with the same parameters
and the processes were recorded with a video extensometer
and a video camera.

2.3.7. Dynamic mechanical thermal analysis (DMTA)

The dynamic mechanical measurements were performed
using a dynamic mechanical analyzer DMA (TA INSTRU-
MENTS MODEL 2960, Germany). The analysis was carried
out from —100 to 250 °C at a heating rate of 3 °C/min, with
a fixed frequency of 1 Hz. Dynamic moduli and loss moduli
were obtained by dual cantilever mode for the sample of
size 60 x 12 x 2 mm’.

The variation in T}, as noted from the analysis, can be in-
terpreted in terms of difference in cross-link densities of the
matrix [15]. The number average molecular weight between
cross-links (M.) was calculated using the expression [16]:

3.9x% 10

M, =———
Tg_TgO

(5)

where T, = glass transition temperature of cross-linked epoxy
resin and Ty, = glass transition temperature of uncross-linked
polymer having the same composition as the cross-linked
polymer.

Effective cross-link density was calculated from M, using
the following equation [17]:

:PNA

Ve
M.

(6)
where p = density and Ny = Avogadro’s number.

2.3.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed with a Du Pont
TGA-2950 analyzer, Germany to investigate the thermal resis-
tance of the cured neat and rubber-modified samples. About
10 mg of sample was heated in a platinum crucible from am-
bient to 850 °C at a heating rate of 10 °C/min. The thermal
analysis was done in nitrogen atmosphere (50 mL min~"' flow).

3. Results and discussion
3.1. Evaluation of cure parameters and gel point

The effect of HTPB on cure parameters of the cured epoxy
network (T = 120 °C) is furnished in Table 2. The heat con-
tent, AH values related to the cure reaction, was measured in
an isothermal mode. The values estimated from the area of the
exothermic peak at a particular temperature did not change
significantly upon the addition of rubber indicating that the
presence of rubber has not influenced the mechanism of
cross-linking reaction. Gel times which represent the neces-
sary time to produce the minimum amount of insoluble
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Table 2
Composition, cure parameters, and gelation times of neat and rubber-modified
epoxy systems at 120 °C

Weight percentage AH® (J/g) Gelation times (min) Cure time®
of HTFB Experiment Rheology DSC (min)

0 208 14 17.5 14.1 33

5 205.4 15 26.6 152 36

10 206.2 18 29.1 164 38

15 206.5 22 32.0 18.5 40

20 205.9 25 35.0 20.0 43

% Obtained from DSC isothermal mode.

fraction was found to be greater for modified epoxies with the
addition of rubber and are tabulated in Table 2. This may be
attributed to the dilution effect caused by the inclusion of rub-
ber. The result is in agreement with the reported cases in liter-
ature, including that of epoxy systems modified with CTBN
[18]. However, the results contradict the observation of Barcia
et al. [9] in their observations on epoxy systems modified with
functionalized polybutadiene where they support a fast reac-
tion attributed to the presence of urethane groups which partic-
ipate in the curing process. The cure time also increases with
the inclusion of the elastomer. This may, again, be due to the
effect of dilution. As dilution increases with the addition of the
rubber, there will be decrease in the density of the reaction
groups [19]. Fig. 2(b) and (c) depicts rate and conversion of
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the cure polymerization reaction versus time at a cure temper-
ature of 120 °C. From the figures it is clear that the initial rate
of reaction and conversion is higher for neat resin, while there
is a delay for modified epoxies. The time for the maximum
conversion is not the same for all systems as seen from
Fig. 2(c). The rate and conversion decrease with the inclusion
of rubber, suggestive of the fact that the HTPB rubber does not
catalyze the anhydride—DGEBA reaction. The decrease may
be attributed to the effect of dilution on the concentration of
the reacting species. Alternatively, the retardation in the rate
of reaction may be caused by a destabilization of the polar
transition state as a result of the reduction in dielectric con-
stant when the less polar rubber is added to the mixture [20].

During the cure polymerization reaction conversion of the
reacting groups take place followed by the formation of a three
dimensional network of epoxy thermoset. The rubber particles
can occupy positions in between the reaction centers thereby
separating the cross-linking points. Thus the addition of liquid
rubber reduces the cross-linking density of the formed net-
work. There may be changes in the reaction that depend
upon the reactivity of the functional groups. The prediction
of the exact chemical reaction and the formation and breakage
of bonds are difficult to establish. The general reaction path-
way for the cure of epoxy resin via tertiary amine catalyst is
depicted in Scheme 1. The reaction initiates by the opening

Scheme 1. Cure reaction mechanism of the anhydride and the epoxy resin.
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of the anhydride ring with the resultant formation of an anion,
which is considered to be a fast reaction. The reaction propa-
gates by the attack of the anion on the epoxy group thereby
generating an ester-alkoxide anion, which forms an ester link-
age and a second carboxyl anion by reaction with anhydride.
The reaction between the anion and the epoxide is considered
to be the rate determination step in the reaction scheme.
Kinetic measurements provide a method for the determina-
tion of gelation time as per the theory of Flory [21] which de-
fines gelation as the point in which the molecular chain reaches
a theoretical infinite molecular weight. Gelation time is consid-
ered as point when yg; = 0.36. The results along with same ob-
tained from rheological analysis are included in Table 2.
Rheological gel time will be discussed in the following section.
The delay in gel time upon the addition of rubber from DSC
may be mainly attributed to the dilution effect and/or viscosity
increase because of the rubber addition or by the decrease in
the density of reaction groups [19]. Similar observations are
reported for thermoplastic-modified epoxy resins [22—25].

3.2. Rheological measurements

Rheological measurements were carried out at different

isothermal temperatures to characterize the physical
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transformations such as gelation and vitrification taking place
during curing. Fig. 3(a) depicts the rheological behavior at
120 °C through polymerization of neat epoxy. The curve rep-
resents the variation of elastic (G') and loss modulus (G”) with
respect to time for neat resin isothermally cured at 120 °C. Ini-
tially the system is in the liquid state having a low stiffness
value and hence the elastic modulus is almost constant with
varying time. Similarly the loss modulus is also low and con-
stant with varying time. This zone symbolizes the state of the
system before the start of curing process. But as curing and re-
sultant cross-linking progresses, both storage and loss moduli
increases to have a crossover of G'/G”. This point represents
the state of the system where both elastic and viscous behavior
prevails, storing a similar amount of energy dissipated. This
zone is considered as the occurrence of gelation of the system.
G’ exceeded G” because of the thermoset network formation.
Complex viscosity against time for 10 and 15 wt% of rubber-
modified epoxies at an isothermal temperature of 120 °C has
been plotted, as representative curves, in Fig. 3(b). The small
increase in time for attaining a particular viscosity as rubber
content varies (which is an indicative of gelation), at a constant
temperature, is evident from this figure. It becomes obvious
that the chemical reactions are delayed with respect to the in-
clusion of rubber, supporting the dilution effect. The complete
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Fig. 3. (a) Rheological curve for neat resin at 120 °C. (b) Complex viscosity versus time for modified blends. (c) Complex viscosities versus time for 10 phr blend
at different isothermal cure temperatures. (d) Vitrification times from rheology, Ty = 120 °C.
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viscosity range could not be attained due to the inbuilt torque
of the instrument. Complex viscosity against time for 5 phr
rubber concentration has been plotted at different isothermal
temperatures, say 100, 120, 140, and 160 °C in Fig. 3(c).
With increase in cure temperature the time for attaining gela-
tion state decreases establishing the cure reaction as a ther-
mally catalyzed one. A similar behavior was experienced for
all systems. Again, the torque of the instrumentation set up
prevents from covering the entire viscosity range of the curing
reaction.

Now, the modifier was found to influence the cure reaction
and hence the gel time varies. The steady-state viscosity be-
comes infinite at the gelation point [26,27], which is attributed
to the formation of infinite molecular network. However, gela-
tion time is usually taken as the time to attain a finite viscosity in
the order of 10°—10* Pas. [26,28,29]. Table 2 demonstrates
rheological and kinetic gelation times at a T, of 120 °C. It
is evident from the table that gel time increases with the in-
crease in the rubber concentration. This delay can be attributed
to lower reactivity of the modified epoxy produced as a result of
chain extension and increase in viscosity of the medium due to
the addition of rubber. As dilution increases with the addition of
rubber, the concentration of reacting species gets reduced that
impair reactivity. The delay in cure kinetics from rheological
studies is well in agreement with the kinetics obtained from
thermal measurements. The gelation times obtained from rheo-
logical and DSC measurements are not comparable because the
values obtained from rheology measurements are larger than
that obtained from DSC data. The reasons are attributed due
to the difference in sample volume (2—3 g versus 0.005 g), ther-
mal history, and atmosphere used in these techniques [30].
Also, a phase difference between the gelation times from ki-
netic and rheological measurements are reported by Eloundou
etal. [31]. The first reason for this is related to delay in attaining
thermal equilibrium when a higher mass of sample is used. The
mass of sample used in the rheology study is higher, causing
a delay in the onset of kinetics. Catalytic effect of water vapor
present in the atmosphere also plays a role. The absorption of
water is higher during sample preparation for DSC analysis,
as very small amount of sample (0.2—0.5 mg) is used for
DSC measurement. No accepted decisive factor has been de-
fined [32] about vitrification. Two different criteria [33] have
been adopted to ascertain the vitrification time. The first one
is based on the criteria of maximum tan ¢ peak at 1 Hz, and sec-
ondly, the criteria based on maximum G” peak at 1 Hz. Fig. 3(d)
depicts vitrification times from rheology measurements at
120 °C based on the selected criteria. An enhanced value for
vitrification is always noted based on the latter criterion.

3.3. Mechanical properties and modification

In the cure polymerization reaction, the main steps are con-
version and formation of cross-links to form a thermoset poly-
mer. Chain extension of the system may be made possible by
the chemical reaction between the hydroxyl end of HTPB and
hardener and also by the ring opening reaction [10]. This may
lead to an increase in toughness of the epoxy network. The
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Fig. 4. Stress versus strain curve.

toughness enhancement is also due to the increase in degree
of entanglement between the resin and the rubber [34]. In-
crease in main chain mobility also favors the property im-
provement [35].

3.4. Tensile strength and related properties

Stress—strain behaviors of the modified epoxies are shown
in Fig. 4. The neat resin system exhibits a brittle tensile behav-
ior characterized by a Young’s modulus value of 1913 MPa.
Addition of HTPB decreases Young’s modulus showing duc-
tile nature of modified systems. Generally, when a rubber
modifier is added to a thermoset resin, its elastomeric charac-
ter authorizes a decrease in Young’s modulus, significantly.
This was noted when a CTBN modifier, which was initially
partially miscible with the resin, was employed during the
toughening study of epoxy resin by the authors [36]. The
Young’s modulus changes to a value of 1457 MPa, as com-
pared to the above reported value of the neat epoxy, upon
the addition of 5 wt% of CTBN. Whereas, in the present
case, the modification by 5 phr HTPB permits a change in
the value to only 1814 MPa. The system became more ductile
upon CTBN addition. The very slight reduction in the values
of HTPB-modified epoxies may be attributed to the lowering
in cross-linking density of the epoxy network as the modifier
occupies the reaction centers during modification. The various
tensile properties for different loadings of the rubber are for-
mulated in Table 3. The decrease in tensile strength with

Table 3
Tensile properties at room temperature with different loadings of rubber cured
at 180°C

HTPB (phr) Tensile strength Young’s Modulus at
(MPa) modulus (MPa) 2% elongation

0 79 1913 1850

5 73 1814 1766

10 66 1765 1746

15 61 1706 1697

20 58 1667 1648
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rubber content can be related to stiffness of the modified net-
work. The rubber addition decreases stiffness of the network
epoxy probably due to lowering in cross-linking density. Since
HTPB is less compatible with the resin, the volume fraction of
the dispersed rubber phase becomes more significant that re-
duces the interaction in the epoxy matrix. The volume fraction
of rubber increases with the increase in the addition of the
elastomer.

3.5. Fracture properties

Pre-reaction of the rubber with the hardener imparts inter-
action between rubber particles and epoxy matrix during
curing. Change in the values of fracture toughness (critical
stress intensity factor, K;c) and fracture energy, (critical strain
energy release rate, Gc) as a function of rubber weight per-
centage are furnished in Fig. 5. The generally reported value
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Fig. 5. Fracture toughness and fracture energy as a function of rubber content.

of K,c for most of the neat epoxy resin [5] is below
1.5 M Nm*?. The addition of rubber imparts an increase in
the value of K¢ up to an optimum rubber content of 10 phr.
Fracture energy also shows the same trend. No further increase
was found on further loading of rubber. This may be attributed
to the bigger size of rubber particles at higher concentrations.
As noted from SEM pictures there is an increase in the size of
particles for 15 and 20 phr HTPB blends. Further there is
a change to multi-modal size distribution of particles. The
large particles obtained at high rubber content would deterio-
rate impact toughness as this would result in high stress inten-
sities around the agglomerated rubber particles.

The improvement in toughness, as explained by Kinloch
and Hunston [37], is attributed due to rubber particles that en-
hance shear localization by acting as stress concentrators. Hy-
drostatic tension ahead of the crack tip causes rapid cavitations
of the rubber. The voided damage zone then blunts the crack,
which behaves as if it had a much larger crack tip radius. Thus
a larger plastic zone gets associated with this crack and this is
the source of toughening effect. The rubber particles that are
bonded to the matrix can bear the load in triaxial tension.
Thus interfacial interactions of rubber particles with the matrix
epoxy is desirable for toughness property which can be attrib-
uted by pre-reaction of the rubber thereby improving tough-
ness by increasing the miscibility of rubber into the epoxy
matrix. Hence some amount of rubber goes into the epoxy ma-
trix and act as plasticizer. If rubber is incorporated into the
epoxy network, it acts as a flexibilizer. Both of these effects
increase the ability of the matrix to deform under shear. But,
since HTPB has no appreciable miscibility with the resin, plas-
ticization of the matrix is practically zero, and only flexibiliz-
ing effect operates. This is, perhaps, the reason for the slow
increase of K;c values with rubber loading. The curing fol-
lowed by the phase separation of the elastomer phase is sche-
matically represented in Fig. 6. Fig. 6(A) represents individual

B

_’DQ_;Q_,

C

A
> gocgort
o~ U= 00 0
i DDD OO
g:,m o= UII|>2
C

»
»

) 4

b~

Nopue I >
50— 5%

Fig. 6. Schematic representation of phase separation behavior. 1, 2, and 3 represent individual epoxy, hardener and elastomer units; 4 and 5 symbolize, respectively,
the bonding of elastomer—hardener—epoxy and hardener—epoxy; 6 and 7 correspond to three-dimensional base matrix of epoxy network and domains of phase

separated neat HTPB.
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components present in the system: the circle, the square, and
the arrow represent epoxy, hardener, and rubber units, respec-
tively. The polymerization starts mainly with the reaction be-
tween hardener and epoxy, represented by the bond formation
between them. During the cure reaction few of the elastomers
react with the hardener, forming elastomer—hardener—epoxy
network. Most of the HTPB units remain as such without in-
volving in the cure reaction. Part figure (B) represents this state
of curing. Meanwhile, as the molecular weight of the system
increases, rubber gets phase separated to form domains, which
are almost pure HTPB. This is depicted by the representation
(C) in the figure.

Also, the SEM micrographic studies of the fractured sur-
faces of samples show stress-whitened zone near the crack
tip, which is supposed to occur by micro-cavitations of rubber
particles due to high hydrostatic stress beneath the blend crack
tip. The SEM photograph of a 10 phr rubber-modified epoxy
(Fig. 7) clearly demonstrates this. Detailed microscopic exam-
ination of the stress-whitening region proved presence of small
closely spaced holes. The presence of such holes is interpreted
as caused by the dilatational deformation of the particles and
the matrix [38,39] that nucleates local shear yielding of the
epoxy matrix causing a significant crack tip deformation.
The crack growth resistance of rubber-modified epoxies arises
from the energy dissipation occurring in the vicinity of crack
tip. The synergic effects of localized cavitations at the rub-
ber/matrix interface and plastic shear yielding in the epoxy
matrix are supposed to be responsible for deformation that re-
sults in energy dissipation process which ultimately improves
the fracture toughness values of the rubber-modified epoxies.

3.6. Impact property

The results of impact strength of neat epoxy and resin sam-
ples containing different amounts of the rubber are depicted in
Fig. 8(a). All modified networks show higher impact resistance
than neat resin. However, the property attains a maximum for
10 phr rubber content and above this optimum level of rubber
content a falling tendency was noted. The increase in value
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Fig. 7. SEM micrograph of 10 phr HTPB blends showing stress-whitened
zone.

upto an optimum level of rubber concentration is attributed
to the effective stress concentration behavior of the phase sep-
arated rubber-rich particles that amplify plastic deformation of
a highly brittle matrix to a certain extent. The blend network
containing a 10 phr rubber has a maximum impact strength
value of 13.6 J/m? which is about 47% higher than that of
neat epoxy and for a 20 phr rubber the value is 30% lower
than the maximum. However, 20 wt% blend exhibits a better
performance than the neat one. In a work done by Ratna
[40], using carboxyl terminated poly(2-ethyl hexyl acrylate)
rubber (CTPEHA) to modify an epoxy matrix, a 60% improve-
ment in impact property was reported. Comparatively lower
performance of the present rubber shall be attributed to lesser
compatibility with the epoxy resin. The decreasing tendency of
impact strength after an optimum level of 10 phr rubber inclu-
sion is attributed to the aggregated size of rubber particles as
concentration of rubber increases. Similar behavior has been
also reported in other rubber-modified epoxy systems [7,41].
Large elastomeric domains act as deflection sites and lead to
catastrophic failure of matrix. However, matrix ductility at-
tained by the incorporation of rubber is responsible for the im-
provement of impact strength of the higher modified blend in
comparison to that of neat epoxy. The influence of matrix duc-
tility on impact strength behavior has been well explained in
certain rubber-modified epoxy systems [42,43]. The improve-
ment in impact strength shall be correlated with toughness en-
hancement. The impact strength measurement is very sensitive
to imperfections of the specimens. Imperfections due to voids,
bubbles, and inclusions may affect the results of impact
strength. For an unnotched specimen, stress may not concen-
trate on a specific point and the material undergoes fracture
at the weakest point. Thus normally impact strength of samples
may not be complementary to that of tensile test results.
With a view to investigate the relation between cure temper-
ature and impact strength, a modified sample containing
10 wt% HTPB has been investigated. As shown in Fig. 8(b),
the impact strength of modified epoxy networks increases
slowly and attains a maximum at 160 °C. A comparatively
lower value is noted for a high temperature cured sample.
The morphology of samples at a high T, was found to be no-
ticeably different from that of a low temperature cured one and
this difference in morphology shall be a parameter which influ-
ences the impact nature. The morphology of the modified ep-
oxies cured at 160 and 200 °C are portrayed in Fig. 8(c) (i) and
(i), respectively. Well-defined domain distribution of particles
is clearly observable in the SEM photograph of the blend cured
at 160 °C, which was found to be the optimum cure tempera-
ture. Whereas in the blend of the same composition, but
Teure =200 °C, domain distribution is not uniformly defined.
This shall be attributed to the fact that phase separation started
well before gelation, and since high temperature leads to fast
curing, particle growth was not effective due to restriction
caused by diffusion in the epoxy matrix. Well-distributed par-
ticles in the matrix can build up better energy dissipation,
which leads to significant impact behavior of the matrix. Sim-
ilar results are reported in the case of elastomer-modified
epoxies [44] and thermoplastic toughened epoxies [45].
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Fig. 8. (a) Impact strength of neat and cured blends. (b) Impact strength of 10 phr rubber blend cured at different temperatures. (c) (i) and (ii) SEM micrographs of
modified epoxies cured at 160 and 200 °C.

It is important to add that the high temperature cured
sample may not get sufficient time to develop particle growth
effectively and hence shows almost single phase morphology
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modified resin samples. The flexural strength and modulus Fig. 9. Flexural properties of neat and modified epoxies.
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of the modified samples are lower than that of the unmodified
epoxy. The phase separated low modulus rubber domains im-
part reduction in modulus. A very small amount of rubber may
get incorporated into the epoxy matrix, thereby flexibilizes the
thermoset network. The rubber that is incorporated into the
resin matrix is responsible for the reduction in flexural strength
of the modified samples. Previous works on rubber-modified
epoxies support this observation [8,9,34,47,48].

3.8. Morphology and toughening behavior

The fractured surfaces of the specimens were examined
using scanning electron microscopy (SEM). Typical fracture
surfaces of neat and that of modified epoxies are shown in
Fig. 10. The neat epoxy matrix, Fig. 10(a), shows smooth,
glassy, and rivery fractured surfaces with ripples. The relative
smoothness of the fractured surface, irrespective of the pres-
ence of some shear deformation lines, indicates that no signif-
icant plastic deformation had occurred. The morphological
development during cure can be correlated with the impact
behavior. The ripples are due to the brittle fracture of the
network, which accounts for its poor impact strength, as
there is no energy dissipation mechanism operating here.

But the cryogenically fractured surface of the modified ep-
oxies, Fig. 10(b)—(e) (representing 5—20 phr rubber-modified
epoxies), clearly show two distinct phases — a continuous ep-
oxy matrix and the dispersed rubber phase. This heterogeneous
morphology resulted opacity in samples. The holes developed
in the SEM micrographs are due to the extracted particles from
the surface of the samples after treatment with toluene for 12 h.
The domain parameters of the phase separated elastomer are
measured and are furnished in Table 4. The size of the precip-
itated rubbery domains increases with increase in elastomer
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Table 4
Number, area, weight, and volume average diameter of domains dispersed in
the epoxy matrix

HTPB content ~ D? DP D¢ D! Dy/D, Inter-particle
(phr) distance (um)
5 0.82  0.85 0.91 1.46 1.10 0.91
10 0.90  0.96 1.07 1.52 1.18 1.23
15 1.2 1.4 1.7 2.3 1.41 1.42
20 1.5 1.8 22 2.8 1.52 1.64
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Fig. 11. Particle size distribution in 15 and 20 phr rubber—epoxy blend.

content of the formulations. Number and area average domain
diameters are found to increase with respect to rubber content,
which is in agreement with the behavior of other rubber-mod-
ified epoxies. The inter-particle distance of the rubber domains
is also estimated and found to increase with higher inclusion of

10 HTPB

.\,_:;_‘..‘. -

Fig. 10. SEM micrographs of: (a) neat epoxy, (b) 5 phr blend, (c) 10 phr blend, (d) 15 phr blend and (e) 20 phr blend.
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rubber demonstrating lesser interaction of rubber with the ep-
oxy matrix. The increase in domain size with the incorporation
of rubber is attributed to the coalescence of the dispersed rub-
ber particles, which depends on viscosity and elasticity ratio.
This becomes more prominent in higher weight content of
the dispersed rubber phase. In epoxies with 5 and 10 wt% of
rubber, as shown in Fig. 10(b) and (c), the particles are uni-
formly distributed throughout the matrix with a narrow particle
size distribution. This unimodal distribution of smaller parti-
cles is responsible for lower crack growth in these specimens

1aku
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which is indicated by the presence of relatively large number
of deformation lines. Also, the fracture surfaces, unlike neat
epoxy, are not very smooth, indicative of a ductile manner of
fracture. According to Yee and Pearson [49], the size of
stress-whitened zone or the amount of deformation lines is pro-
portional to the increase in toughness of the material. Rela-
tively distorted shape of rubber domains in these cured resin
matrices is supposed to be attributed to higher amount of plas-
tic deformation. The deformation lines are propagated through
rubber domains, promoting stress transfer between the
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Fig. 12. (a) SEM micrographs of 15 phr HTPB—epoxy blend. (b) SEM micrographs of 15 phr CTBN—epoxy blend. (c) HTPB aggregation in 15 wt% blend. (d)
Amplitude signal of neat epoxy. (¢) Amplitude signal of 15 phr CTBN blend. (f) Amplitude signal of 15 phr HTPB blend.
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particles and epoxy matrix. Also, less brightness of the interfa-
cial layer around the rubber domains in lower modified epoxies
compared to higher modified samples is indicative of the inter-
action between the particles and epoxy matrix [10]. The micro-
graphs show stress-whitened zone of broken rubber particles.
According to Lee et al. [50] and Bascom and Hunston [51],
the stress-whitening is due to the scattering of visible light
from the layers of the scattering center which are voids devel-
oped in the matrix due to cavitations of rubber particles. This
has been explained by researchers as one of the most important
energy dissipation mechanisms operating in rubber-modified
epoxies.

In order to operate the yielding process throughout the ma-
trix, a homogenous distribution of smaller particles is necessary.
This morphological structure is believed to be responsible for
the highest impact performance of modified epoxies. Thus uni-
formly distributed rubber particles act as stress concentrators
and exhibit highest impact strength than unmodified epoxy.

In higher weight percentage of rubber-modified samples,
say 15 and 20 phr which are represented by (d) and (e) of
Fig. 10, a heterogeneous particle size distribution is observed.
The particle size distribution in a blend containing 15 and
20 phr rubber is illustrated in Fig. 11. The particle size distri-
bution has a wide range from 0.1 to 75 pm. Most of the parti-
cles are situated in the range of 15—28 pm. The frequency of
percentage of higher particle size is predominant in modified
epoxies containing higher weight content of the elastomer.
The heterogeneous morphology developed in high concen-
trated blends can be correlated with gelation time. The gela-
tion time increases as the concentration of the rubber
increases due to viscosity and reduced reactivity factors. The
number of particles having bigger sizes increases with the
inclusion of higher concentration of elastomer. This results
in wide variation of size distribution. The poor mechanical
performance of higher modified systems shall be attributed
also to this heterogeneous nature of particle size distribution.

In an attempt to recognize the failure mechanism in HTPB-
modified epoxies we have analyzed the samples with the help
of acoustic emission method during static tensile test of single-
edge notched specimens (SEN-T specimens). It is a non-de-
structive and very sensitive technique to monitor the fracture
of composites. For a comparison, the results of conventional

Different failure mechanisms were assigned to different signal
levels determined on the basis of the number of acoustic
events. The acoustic hits detected for neat and 5 phr HTPB/
CTBN-modified epoxies are 20+£6, 38+4 and 37+£5,
respectively. The increase in acoustic events for toughened
epoxies clearly shows homogeneous distribution of elastomer
in the epoxy matrix. When the material undergoes fracture,
crack is propagated through elastomeric domains via an
energy dissipation mechanism and this is due to the damping
nature of the toughened epoxy. Further it is to be noticed that
for 15 wt% HTPB/CTBN-modified epoxies acoustic events
changed to a value of 101 & 10 and 27 5. One will definitely
notice the almost similar value of CTBN-modified specimens
and the incomparable values of HTPB blends with the values
of lower modified epoxies. The drastic change in the value of
HTPB—epoxy blend is attributed to the magnifying change in
the morphological evolution of the blend at higher concentra-
tion of the elastomer. Two representative SEM micrographs of
15 phr HTPB/CTBN blends are depicted in Fig. 12(a) and (b).
Heterogeneity is observed in the size distribution of HTPB—
epoxy blend, whereas, a homogenous distribution of particles
is observed in CTBN sample. Fig. 12(c) represents formation
of bigger particles in 15 wt% HTPB elastomer-modified blend.
The amplitude of signals detected during fracture varies
widely for these systems. The signals measured during the
fracture of neat epoxy (NE) are in the region of 20—50 dB
whereas it goes upto 100—120 dB for CTBN filled epoxy.
But for HTPB-modified epoxy signals are observed in the
range of 21—42 dB and are detected throughout the whole
measurement. The high amplitude signals at the end of the
measurement, for all systems, represent epoxy break. The
force response and amplitude of signals for neat and both
CTBN/HTPB-modified systems (15 wt%) are represented in
Fig. 12(d)—(f). The signals observed for a 15 phr HTPB sam-
ple throughout the measurement denotes the pull-out and
breakage of rubber particles in the sample containing higher
weight percentage elastomer. The deterioration in fracture
and damping properties of higher weight percentage of
HTPB-modified epoxies is clearly due to this. However, for
CTBN sample the signals are observed only at the end of
the measurement. Knowing the fact that the lower elastomer
incorporation enhances fracture properties whereas the

CTBN elastomer-modified epoxies are also recorded. inclusion of higher weight percentage of elastomer content
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Scheme 2. Schematic representation of toughening mechanism in epoxy—HTPB blends. (a) Represents lower weight percentage of HTPB-modified epoxy. The
arrows denote the crack energy propagation through rubber particles. The intensity of energy decreases as it passes through rubber particles. (b) Represents higher
weight percentage of HTPB-modified epoxy. Elastomer domains are pulled-out from the matrix. The crack energy propagates through the interface of rubber and

epoxy. There is no decrease in the propagated intensity of energy.
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deteriorate them, and also from the acoustic emission results,
we would like to propose an ‘“‘elastomer pull-out” model of
failure mechanism operating in HTPB toughened epoxies.
The homogeneous distribution of elastomer particles in lower
modified epoxies is responsible for the enhanced damping na-
ture of the samples. The particles in such systems act as stress
concentrators and during failure, on applying force, energy
transfer take place through particles and dissipate in due
course. Thus ultimately the matrix is protected from cata-
strophic failure. This state is schematically represented in
Scheme 2(a). The spherical shapes denote elastomeric parti-
cles adhered to the matrix epoxy. The arrow represents the
crack energy propagation from the crack initiation site, which
gradually reduces as it passes through elastomeric particles.
The dissipation of energy is represented by the reduction in
the size and diffusivity of the solid line nature of the arrow.
The dotted line arrow shows that the initial energy reduces
as it passes through rubber particles. The particles get distorted
as it propagates energy, but this is not represented in the
scheme. Scheme 2(b) represents higher weight percentage rub-
ber-modified epoxies characterized by elastomeric particles
having larger sizes and having less interfacial adhesion. The
orientation of particles in the upward direction represents pull-
ing-out of the particles. Arrows represent the crack propaga-
tion through the interface. There is no reduction in the crack
energy intensity as it is not propagated through elastomers,
which is denoted by the same style of arrows. This creates
interfacial separation which ultimately leads to failure of the
matrix.

3.9. Dynamic mechanical properties (DMA)

Dynamic mechanical loss factor (tan 6) versus temperature
of pure epoxy resin (ER), and representative modified net-
works of 10 and 15 wt% of HTPB are depicted in the
Fig. 13(a). The neat epoxy resin shows a peak at around
142 °C, which is clearly related to the glass transition temper-
ature of the ER. The presence of HTPB results only in a slight
displacement of the transition peak; for e.g., for 5 and 10 phr
modified epoxy networks a shift to a lower region is observed
by a shift of 1 and 2 °C, respectively. This may be attributed to
the lowering of cross-linking density in the modified samples.
During the curing of epoxy resin, phase separated rubber do-
mains shall occupy the space in between the reaction sites,
thereby impairing the cross-linking reaction at that particular
site. This, in turn, reduces the cross-linking density of cured
systems. Thus the overall cross-linking density changes by
the incorporation of more rubber.

The low temperature transition peaks are presented in
Fig. 13(b). The virgin epoxy shows a transition near —80 °C,
which is associated with the epoxy resin B-relaxation. How-
ever, it seems difficult to differentiate this transformation
from that of the relaxation allied to the rubber phase, as both
of these transitions appear almost in the same region. Rub-
ber-modified networks also show slight displacement of this
transition towards the higher temperature region. Thus, this
technique, in the present case, seems inadequate to distinguish
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the relaxations related to the elastomer phase. This observation
contradicts with other rubber-modified epoxies. Thus in the
case of CTBN-modified epoxies, as reported elsewhere [18],
the low temperature transitions of the modified networks are
significantly shifted to higher temperature, showing that the
phase separated rubber domains are not pure, instead, contain
some dissolved epoxy. Thus having considering the fact that
the modified network does not show significantly noticeable
displacement of relaxation in high and low temperature region
and also by morphological observation by SEM, one presumes
that the phase separated elastomer particles are pure and does
not contain dissolved epoxy. The variation of the ultimate mor-
phological evolution in cured systems with different weight
percentage of rubber arises from the dissimilarity in cross-
linking density and size of rubber domains. Fig. 14(A) and
(B) schematically demonstrates this difference in the final mor-
phology in cured systems. Network lines symbolize cross-
linking state whereas spherical shapes represent elastomer
domains. The part figure (A) represents the morphological evo-
Iution when a lower weight content of rubber is employed. The
morphology is characterized by more cross-linking behavior
and inclusions of small rubber domains. On the other hand,
the part figure (B) shows the difference by the presence of
comparatively bigger rubber domains and fewer cross-linking
nature, the one addressed to a modified epoxy with higher
weight content of rubber.

Fig. 13(c) represents the DMTA data for pure epoxy and 5
and 10 phr rubber-modified epoxy. The modified networks
show two relaxation peaks: one at ca. 128 °C for epoxy and
the other at ca. —82 °C which can be assigned to the glass
transition of rubber. The pure epoxy also shows a broad
peak at low temperature region as in the tan ¢ relaxation curve,
which is often attributed to crankshaft motion of the glyceryl-
like groups in DGEBA [52,53]. The slight shift in relaxations
towards lower temperature region in modified epoxies is
attributed to lowering in cross-linking density.

The cross-linking densities of epoxy—rubber blends have
been computed using the expressions (5) and (6). The values
are in the order of 10?* and were observed to be 1.75, 1.73,
1.71, 1.69 and 1.68 chains/g, respectively, for neat resin, 5,

epoxy resin and consequently cross-linking density decreases.
Also, the gradual drop of storage modulus with the addition of
the elastomer denotes the increase in flexibility of blend sam-
ples. The drop in storage modulus with increasing temperature
indicates that all modified epoxies passes from hard solid to
soft flexible materials. The storage modulus of the modified
epoxies in the rubbery plateau region, T, + 50 °C, shows a
decreasing trend from neat epoxy indicating the reduction in
cross-linking density. The value decreases from 5% for 5 phr
to 10% for 20 phr elastomer content.

3.10. Thermogravimetric study

Thermal stability and thermal degradation behavior of the
modified samples are derived from TGA traces. Fig. 15(a)
and (b) shows TGA and DTA thermograms of the neat and
10 wt% modified samples obtained in a nitrogen atmosphere.
The anhydride-cured epoxy samples undergo the degradation
mainly as a two-stage process. The neat and modified systems
exhibit a short stage of degradation around 250 and 225 °C
with an approximately 5% weight loss. This is attributed to
the breaking of unreacted epoxy or other traces of impurities
apart from the cured resin. The main degradation takes place
above 565 °C and is due to the thermal degradation of the
epoxy network [54]. The degradation temperature and kinetic
parameters of the reaction, such as initial decomposition
temperature (IDT), temperature of the maximum rate of deg-
radation (Ty,,x), and the activation energy of decomposition
(E;) can be used to ascertain a materials lifetime [55,56].
The values of IDT and T\, for neat and 10 phr rubber-modi-
fied cured sample are furnished in Table 5. A higher value of
IDT for the neat system can probably be attributed to the
higher cross-linking density of the system. Inclusion of
HTPB creates domains of rubber particles in between the
cross-links which ultimately reduce the cross-linking density.

Using the integral method of Horowitz and Metzger [57],
one calculates the activation energy for the decomposition of
the cured resin from TGA thermograms according to the
following equation:
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Fig. 14. Schematic presentation of morphological evolution at different cure temperatures. Cross-linked lines and darkened circles represent epoxy network struc-
ture and phase separated rubber domains, respectively. Scheme A defines higher cross-linking nature and small rubber particles on the inclusion of lower weight
percentage of rubber whereas scheme B is distinguished by fewer cross-linking lines and comparatively larger elastomer domains on the incorporation of a higher

content of rubber.
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Fig. 15. (a) TGA thermograms of neat epoxy. (b) TGA thermograms of 10 phr
rubber—epoxy blend. (c) Plots of In[In(1 — a)™'] versus @ for neat and 10 wt%
rubber blend.

where « = decomposed fraction; Ty, = temperature at the
maximum rate of weight loss; § =T — Ty,.x; R = gas constant.

The plots of In[ln(1 —«)~'] versus @ are shown in
Fig. 15(c) where the slope of the straight line curves gives

Table 5

Thermal properties of cured neat and modified epoxies

Epoxy system IDT (°C) Tinax (°C) E; (kJ/mol)
Neat epoxy 300 565 115

Epoxy + 10 phr HTPB 282 560 95

E, values of the systems and are tabulated in Table 5. The
E, values of the neat and 10 wt% modified systems are 105
and 95 kJ/mol, respectively. The result, once again, empha-
sizes the higher cross-linking density of the neat system,
which needs more activation energy for degradation.

3.11. Concluding remarks

Functionally terminated polybutadiene liquid rubber has
been incorporated into the epoxy resin matrix that undergoes
curing with an anhydride hardener. Inclusions of rubber, as ob-
served from DSC analysis and gel point determination, caused
delay in polymerization and hence delay in gel time. This shall
be attributed to the reduction in concentration of reacting spe-
cies and viscosity effect on the addition of rubber. This was,
further, confirmed by rheological analysis where an increase
in viscosity was observed as a result of modification. Addition
of rubber causes lowering in cross-linking density of epoxy
matrix during the cure polymerization reaction. The mechani-
cal performance of neat epoxy was changed with the inclusion
of varying weight percentage of HTPB, which was explained
by the evolution of morphological changes during cure in
these systems. The elastomeric nature of the rubber caused
reduction in tensile strength, but fracture toughness values
increased and attained a maximum for 10 phr rubber inclusion.
Some amount of added rubber goes into the epoxy matrix
and flexibilizes the brittle thermoset matrix. This effect is re-
sponsible for the deformation under shear of the matrix, and
thus for the prevailing toughening effect. Maximum impact
property was observed for 10 phr rubber—epoxy blend attrib-
uted to the presence of uniformly distributed rubber particles.
Further, impact strength was observed to be higher as cure
temperature decreases. This is due to the lesser extent of par-
ticle growth attributed to fast curing of epoxy matrix at high
temperature. The flexural properties were found to decrease
by the inclusion of rubber. The fractured surfaces of modified
epoxies were subjected to quantitative analysis to estimate var-
ious parameters of phase separated domains. The size of elas-
tomer domains increased with the inclusion of greater weight
percentage of rubber. The poor performances of mechanical
properties of modified epoxies containing more than 10 wt%
of rubber are considered as due to larger particle size. Based
on acoustic emission studies and morphology analysis, a model
for the failure mechanism has been proposed. In modified
epoxies having lower weight percentage of elastomer, crack
energy is propagated through elastomer particles and ultimately
leads to failure. But in higher weight percentage of elastomer-
modified epoxies, elastomer pull-out directs the energy trans-
fer through the interface which leads to interfacial separation
and finally failure of the matrix.
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The viscoelastic behavior of cured blends showed only
minimal changes in the transition temperature towards the
lower region from that of cured neat epoxy. The phase sepa-
rated rubber domains decrease the cross-linking density of
the network. A schematic model has been presented to sym-
bolize the final morphology in cured samples. Finally thermo-
gravimetric analysis has been employed to establish the thermal
degradation behavior of modified samples. The TGA thermo-
gram has been used to compute activation energy for the
decomposition of neat and rubber incorporated blend samples.

Finally it is important that, even though HTPB has been
presented as a modifier for toughening epoxy matrix in the lit-
erature, an in-depth understanding on different aspects of the
system has not been documented. The present work tries to ad-
dress and correlate many issues related to the modified epoxy
so as to explain the structure—property relationship. Rheolog-
ical transformations during curing, mechanical properties,
viscoelastic behavior, morphological evolutions, activation
energy based on thermogravimetric analysis all have been
discussed and tried to correlate between them.
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