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Abstract

We investigate the ways of improving thermal and mechanical properties of diglycidyl ether of
bisphenol-A (DGEBA) based thermoset resin using diaminodiphenylsulphone (DDS) as hardener and
using epoxidized polystyrene/polybutadiene-based triblock copolymers as modifier. The epoxidation
was performed. The targeted chemical modification using meta-chloroperoxybenzoic acid (m-CPBA)
of the copolymer was performed whereby the epoxidation of the butadiene chains mainly took place
at 1,4 linkages. The modification copolymer was found to contribute in enhancing the mechanical
performance of the blends with epoxy resin. The results indicated the formation of nanostructured
morphology in the blends attributable to their enhanced impact strength.
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1. Introduction

Epoxy thermoset have found uses in diverse applications ranging from adhesives to bulk components,
widely used in industry as protective coatings and for structural applications, such as laminates and
composites, tooling, molding, casting and others [1]. Epoxy resins are having at least two epoxy
groups which react to form a highly crosslinked networks that are stiff, chemically and
environmentally resistant, have good mechanical and thermal properties for high temperature
applications as well as outstanding adhesion to various substrates, low shrinkage. However, these
benefits are limited by the fact that the crosslinked resins are typically brittle possessing relatively
poor fracture toughness and ductility [2].
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To amplify the area of commercial applications available to epoxy materials, strategy for improving
the fracture toughness with little or no loss of the desired stiffness and thermal stability must be
developed. For this purpose, a common toughening mechanism such as an addition of the phase
separating additives to the epoxy system can be followed. For example, the addition of thermoplastic
elastomer has been shown to offer effective toughening of epoxy resin materials [3]. However, the
addition of more rubber into the epoxy resin can give rise to processing difficulties and the drop-in
glass transition temperature (Tg) and elastic modulus of the thermoset [4]. Thus, the use of block
copolymer as toughening agent has been explored quite comprehensibly [5-10]. In most cases, the
formation of nanostructures was reported by incorporating AB-type diblock copolymers into
thermosets [5-13]. Also, the ordered nanostructures formed by ABC triblock copolymers and
hydrogenated systems were investigated [14-18]. However, the structural effect of block copolymers
on the formation of nanostructures in thermosets was occasionally investigated. This work is aimed at
the study of thermal and mechanical properties of the epoxy resins modified by styrene-rich styrenic
triblock copolymer having linear asymmetric architectures.

2. Experimental Section
2.1 Materials

The diglycidyl ether of bisphenol-A (DGEBA) resin was supplied by Araldite LY556 Huntsman and
had an average epoxy equivalent of 186 g/equiv. The curing agent used was diaminodiphenylsulphone
(DDS) supplied by Fluka. Other chemicals like meta-chloroperoxybenzoic acid (m-CPBA), sodium
bicarbonate (NaHCO3) and sodium sulphate (Na;SO.) were purchased from the local market and used
without further purification. The chemical structure of DGEBA and DDS are shown in Fig. 1.
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Fig. 1: Chemical structures of diglycidyl ether of bisphenol-A (DGEBA) (left) and 4,4
diaminodiphenylmethane (DDM) (right); the components used to prepare epoxy resin systems.

The polystyrene—polybutadiene-based triblock copolymer (which has been named as LN3 in this and
previous publications) was supplied by BASF SE, Ludwigshafen, Germany. The triblock copolymer
has 74 % by volume of styrene, number average molecular weight (Mn) 127 kg/mol and
polydispersity index (Mw/Mn, where Mw is the weight average molecular weight) of 1.1. More
studies on this block copolymer can be found elsewhere [19].

2.2 Epoxidation of block copolymer

The epoxidation of the styrene/butadiene-based triblock copolymer was accomplished following the
standard method by using m-CPBA [20-21]. In a typical experiment, 10 g of LN3 and 200 mL of
dichloromethane were poured into a three-necked round bottomed flask and stirred gently by
magnetic stirrer until the polymer dissolved. To achieve a degree of epoxidation (DOE) of 80 mol%;
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calculated amount of m-CPBA were charged to the polymer solution. The chemical modification
reaction is presented in schematically in Fig. 2.
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Fig. 2: Schematic of chemical reaction involved in epoxidation of the block copolymer.

The mixture was then vigorously agitated for two hours under dry N2 gas atmosphere at 0 °C. After
the reaction was complete, the polymer solution was filtered. The excess m-CPBA was removed by
extracting with a saturated aqueous NaHCO; solution and the mixture was further dried by the
Na2S04 solution. The final polymer solution was recovered using a separating funnel and a vacuum
suction pump. The solvent was evaporated to recover the solid residue which was vacuum dried at 23
°C. The name epLN3 is used for the epoxidized sample.

2.3 Synthesis of blends with epoxy resin

Pure epoxy thermoset was prepared by the reaction of stoichiometric amount of DGEBA with DDS
(EP: DDS= 3:1). The mixture was pre-cured at 180 °C for 3 hours followed by post curing at 200°C
for 2 hours. Epoxidized epLN3 was dissolved in dichloromethane and blended with 5, 10 and 15 by
weight % of the epLN3. The mixture was heated up to 100°C to completely evaporate the solvent.
Then, the temperature was increased to 180°C and stoichiometric amount of DDS hardener was
added.

The resultant mixture was stirred until the complete dissolution of the DDS leading to the
homogenous mixture. As in the case of pure thermoset resin, the mixture containing epLN3 was
cured. Each cured blend was cooled gradually down to room temperature. Thus, the prepared blends
were named as EP, EP/epLN3-5, EP/epLN3-10 and EP/epL.N3-15 for those blends containing 0, 5, 10
and 15 wt.-% of epLN3.

2.4. Experimental techniques

Fourier transform infrared (FTIR) spectroscopy was used to record the infrared spectra of the
polymers using Jasco FTIR 615 instrument using ATR transmission mode in the wavenumber range
4000 cm-1 to 600 cm-1.

The impact strength of the blends was measured using lzod impact tester according to ASTM D256
method. The sample dimensions were 100 mm x 12 mm x 3 mm and a notch of 1.5 mm in depth was
introduced in to each specimen at a distance of 20 mm from one end. The hammer speed was 2.9 m/s
with working capacity 4 J. At least five successive measurements were performed for each sample
and the results were averaged.

Scanning electron microscopy (SEM) was used to study the morphologies of cryo-fractured surfaces
of the samples. The specimens were sputter coated with a thin layer of platinum (~3 nm) in order to
avoid surface charging.

Thermogravimetric analysis (TGA) was performed by of thermogravimetric analysis using Netzsch
TGA 209 Balance under N, atmosphere from 20°C to 700°C at a heating rate of 10°C/min. The
pressure of 1 bar was maintained with flow rate 15 mL/min in this analysis.
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Dynamic mechanical analysis (DMA) measurements was carried out on specimens with dimensions
of 30 mm x 10 mm x 1 mm using an ARES G2 Rheometer in torsion mode to characterize the glass
transition behavior of the sample using standard oscillatory temperature sweeps between 0°C and 250
°C at a frequency of 1 rad/s.

3. Results and Discussion
3.1 Structural characterization
The FTIR spectra of the virgin LN3 and its epoxidized version (epLN3) are presented in Fig. 3.

The peaks located at 910 cm-1 and 965 cm-1 for the virgin LN3 correspond to C-H bending
vibration of wvinyl side chains (-CH=CH2-) and trans 14 polybutadiene chains
(-CH2-CH=CH-CH2-), respectively. The epoxidation of the 1,4 butadiene parts of the block
copolymer is confirmed by the appearance of new peaks located around 890 cm-1 and 810 cm-1 for
trans- and cis- 1,4 epoxidized copolymer respectively. After epoxidation, the peak corresponding to
1,4 butadiene decreases but that corresponding to 1,2 butadiene remains unchanged implying that the
chemical modification of the butadiene chains mainly takes place at 1,4 linkages. Thus, on the basis of
the spectroscopic results, the targeted chemical modification of the copolymer can be confirmed. So
far, the extent of the chemical modification cannot be ascertained by the spectroscopic methods.
These results are in consistence with the previous works reported in similar system [22].

3.2 Mechanical behavior

The notched 1zod impact strength of pure epoxy thermoset (EP) compared with epoxy blends with 5,
10 and 15 wt.-% of epLN3 are presented in Fig. 4. One can see that the value of impact strength
increases insignificantly for the blend containing 5 wt.-% of epLN3. In case of blends with the higher
amount of epLN3, however, the impact strength increases. Among all the blends, EP/epLN3-15 shows
much better impact strength (6 kJ/m?) compared to pure epoxy thermoset (3.7 kJ/m?). The reason
behind this observation is the proper miscibility of the epLN3 with the EP and leading to larger plastic
deformation of the material dissipation higher amount of energy delaying the crack propagation [23].
In summary, the epLN3 contributes to quite significantly enhance the mechanical performance of the
blends. The results thus give indication of the evolution of morphologies in the blends which might be
responsible for enhancing their observed impact strength at higher epLN3 contents. The exact
morphologies must be, however, further investigated for precise structure-properties correlations.

SEM images of the cured samples after fracture toughness test are shown in Fig. 5. The fracture
surface of the single-phase neat epoxy resin (Fig. 5a) appears typically, smooth with the cracks
rippled freely and orienting in the loading direction representative of brittle failure and resulting in
poor resistance to crack initiation and uninterrupted crack propagation [23]. Owing to the better
compatibility of epLN3 in the EP matrix chain, the dispersed phase could be epLN3 were distributed
throughout the thermoset material. Thus, the fractured surface has been changed significantly at
higher loading of epLN3. As a result, an irregular fracture patch with stretched fibrils appearing stress
whitened edges were observed in case of blend containing 5 wt.-% of epLN3 as shown in Fig. 5b.

The result provided an evidence of plastic deformation. Numerous fibrillar fracture patches were
observed in the blends containing large amount of epLN3.

3.3 Thermal behaviors

Thermal properties of the epoxy-based materials analyzed by thermogravimetric analysis (TGA), are
presented in Fig. 6 and 7 as well in Table 1. Typical TGA curves of mass loss as a function of
temperature of EP is compared with that of blends are presented in Fig. 6. At the first glance, similar
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TGA curves are shown by all materials. However, some changes can observe if the curves are
carefully analyzed. The weight loss of the materials containing different amount of epLN3 occurs
mainly between 340 °C and 500 °C, and the temperatures of initial degradation for the blends with 5
% mass loss (Td5) are apparently higher than that of the pure thermoset resin.
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Fig. 3: FTIR spectra of LN3 and epLN3. Fig. 4: Notched impact strength of the

EP/epLN3 blends with variation of epLN3
content.

Fig. 5: SEM image showing the fracture surface morphology of neat epoxy resin (EP) (a) and
EP/epLN3-10.

The first derivative peak temperature (not shown here) indicates the point of the greatest rate of mass
loss during degradation. Here all materials show same first derivative peak at 418 °C. That indicates
the all materials have usually similar thermal behavior. The char yield of EP thermoset at 600 °C is
17.6 % of original mass while the yield slightly increases up to 18.9 % after blending with increasing
amount of epLN3. This might be because of the contribution of different amount of epLN3 making
the stable network by some interaction.
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In order to analyze the activation energy of thermal degradation during the curing process, detailed
analysis of the TGA data obtaining through temperature scanning procedures was carried out using
kinetic model. For degradation process, the rate of reaction can be expressed as a function of curing
degree [24]. The rate constant of the curing reaction is generally expressed by Arrhenius equation as
in Egn. 1.

da
dat

4o _ p(6). K(T) = A. e xT F. (a) (1)

where A is a pre-exponential factor (1/min), Ea is the apparent activation energy in J/mol, T is the
absolute temperature (K) and R is the gas constant (8.3136 J/mol K-1). For each sample, the sudden
mass loss was observed and the Ea values can thus be calculated from the slope of the linear part of In
(do/dt) versus 1/T curves as shown in Fig. 7.

In similar manner the Ea values for the blends were calculated from the slop of the curves in Fig. 7 the
values of Ea was calculate calculated (see Table 1).

Table 1: Activation energy obtained from slope of In(da/dt) versus 1/T curves.

Sample Activation energy (Ea) kJ/mol
EP 318
EP/epLN3-5 350
EP/epLN3-10 354
EP/epLN3-15 446

For the given temperature range, the Ea value of neat epoxy resin is found to be 318 kJ/mol.
Similarly, the Ea values of blends were found to be in increasing order with increase in epLN3
composition. The reason behind this phenomenon needs further investigations.
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4. Conclusions

The results presented in this paper can be summarized as follows:

(a) On the basis of the spectroscopic results, the targeted chemical modification of the copolymer can
be confirmed. It was further observed that the chemical modification of the butadiene chains
mainly took place at 1,4 linkages.

(b) The modified block copolymer contributes to quite significantly enhance the mechanical
performance of the blends with epoxy resin. The results thus give an indication of the formation
of nanostructured morphology in the blends which might be responsible for enhancing their
impact strength at higher epLN3 content.

(c) Based on the thermogravimetric analyses, the enhanced stability of the blends can be correlated
with the formation of nanostructured morphology of the blends.
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