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ABSTRACT

Epoxy resins are widely utilized as high performance thermosetting resins for many

industrial applications but characterized by a relatively low toughness. Electron beam

(EB) curing of polymer resins has a number of advantages over conventional thermal

curing, such as shorter curing time, low energy consumption, low cure temperature,

dimensional stability, reduced manufacturing cost. In the present work liquid carboxyl-

terminated butadiene acrylonitrile (CTBN) copolymers containing 8% acrylonitrile is

added at different contents to improve the toughness of diglycidyl ether of bisphenol A

(DGEBA) epoxy resins using triarylsulfonium hexafluoroanimonate as a photointiator.

The EB irradiation was conducted 5 kGy to 250 kGy in nitrogen. The physics properties

of CTBN modified epoxy resins were examined by determine gel content, DMA

(dynamic mechanical analysis), UTM (Instron model 4443), SEM (scanning electron

microscopy).
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INTRODUCTION

The application of the cured epoxy resins have been expanded in various field such as

coatings, adhesives, and other engineering applications. However, a major drawback of

epoxy resins is their inherent brittleness due to theirs highly cross-linked structure, which

has led to extensive research efforts to improve their low toughness.[1] It is desirable to

enhance toughness without adversely affecting the other useful properties of the polymer.

Therefore, epoxy resins are usually toughened by modifying with a liquid rubber.[2 – 8]

When epoxy resins together with liquid rubber is cured, the domains of rubber are

separated from the epoxy matrix due to the incompatibility between epoxy resin and liquid

rubber and liquid rubber modified epoxy resins were improved the toughness by absorbing

the impact energy.[7] The morphology of the final modified epoxy resins can significantly

affect the toughening mechanism and consequently its fracture toughness.[9,10] Electron

beam (EB) curing processes some special features compared with conventional thermal

curing such as better controlled process. For example, shorter curing time, low energy

consumption, low cure temperature, dimensional stability, reduced manufacturing

cost.[11 – 14] This study investigated that CTBN/DGEBA epoxy resins were irradiated with

different radiation dose. To enhance the toughness of the cured epoxy resins, DGEBA

epoxy resins were contained with different content of CTBN. The aim of this study can be

mechanical properties and gelation effects of CTBN modified epoxy reins induced by

electron beam radiation and effectively toughened by the addition of optimum content of

CTBN, and large improvements in fracture toughness have been recorded without

adversely affecting the other useful properties.

EXPERIMENTAL

Materials

The epoxy monomer used was diglycidyl ether of bisphenol-A (DGEBA) (YD128,

supplied by: Viscosity 11500 , 13500 cps, Density 1.16 , 1.18 g/cm3, EEW

184 , 190 g/eq). The end-functionalized liquid rubber consisted of carboxyl terminated

butadiene-acrylonitrile copolymers (CTBN) (Hycar 1300 £ 8, supplied by B.F.

Goodrich), Hycar CTBN 1300 £ 8 with 18% acrylonitrile content and with nominal

molecular weights of 3550 g/mol. Triphenylphosphyne (TPP) was used as the catalyst.

The photoinitiator used was triarylsulfonium hexafluoroantimonite (TASHFA).

Curing of Epoxy Resin

The CTBN with the DGEBA (60 g CTBN per 100 g DGEBA) was vigorously mixed

at 808C for 2 h. In this reaction, TPP was used as the catalyst. The CTBN modified epoxy

resin (5 phr, 10 phr, 15 phr and 20 phr) was added to DGEBA. The unit “phr” is the

abbreviation of “part per one hundred base resin” and the base resin, in here, is DGEBA.[7]

All samples were radiated using ELV-4 electron beam accelerator with a current 2.5 mA

under nitrogen.

Park et al.642

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Test and Analysis

The gelation of samples was determined by measuring the insoluble content using

soxhlet extractor method. The samples were extracted with boiling acetone for 24 h, and

dried at 708C for 24 h in vacuum oven and at 1208C for 24 h in dry oven to a constant

weight. The dynamic-mechanical properties were investigated on the dynamic-mechanical

analyzer (DMA, DMA 2980, TA instrument Co). The samples were measured from

21508C to 2008C at 1 Hz with a heating rate of 58C/min. The Tg was identified as the

maximum of the tan d curves. In order to get a deeper understanding on the effect of

morphology on the fracture mechanical response the surface of cured epoxy resins was

inspected in a scanning electron microscopy (SEM) (XL Series30S, Philips Co). Specimen

fractured surfaces were coated with a thin layer of gold palladium alloy by sputtering to

provide a conductive surface. The flexural strength was measured with 3-point bending

method (ASTM D 790) by an Instron 4443 universal test machine at room temperature.

The cross head speed of Instron was 0.8 mm/min (1.33 £ 1025 m/sec). The size of the

specimens were 50 £ 25 mm, the thickness was about 0.6 mm.

RESULTS AND DISCUSSION

Gelation Effect of CTBN Modified Epoxy Resin

The gelation of CTBN modified epoxy resins radiated with different dose were

measured by using soxhlet extractor method, as shown in Fig. 1. It can be seen that cross-

linking reactions proceeded continuously and gelation in the resins increased with

Figure 1. Gelation of CTBN modified epoxy resins with increasing content of CTBN (content of

TASHFA is 5 wt%).
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increasing of radiation dose. The gelation of epoxy resin without CTBN reached 100% at

50 kGy radiation dose. However, the gelation of CTBN modified epoxy resins decreased

with increasing content of CTBN. When radiation dose is 250 kGy, the gelation of 5 phr

CTBN modified epoxy resin is 91% and 20 phr CTBN modified epoxy resin is 70%. When

polymers are subjected to ionizing radiation crosslinking and main chain scission are

usually observed. The processes ultimately cause formation of insoluble gel if crosslinking

predominates over scission. Charlesby–Pinner first obtained a simple expression[1]

relating sol fraction, S, to absorbed dose D:

S þ S1=2 ¼ po=qo þ 2=ðqo u DÞ ð1Þ

where po is degradation density, average number of main chain scissions per monomer

unit and per unit dose. qo is crosslinking density, proportion of monomer units crosslinked

per unit dose, u is initial weight average degree of polymerization. A plot of S+S1/2 gives

an idea of the ratio of chain scission to crosslinking. A sol-gel analysis has been performed

to quantitate the fraction of radiation-induced insoluble epoxy resins. The soluble fraction

(S) of epoxy discerned from this analysis is presented as a function of 1/D in Fig. 2. Figure

2 shows the dependence of S+S1/2 of CTBN modified epoxy resins with increasing content

of CTBN. The high value of ratio for CTBN modified epoxy resin with decrease CTBN

content compared with that for CTBN modified epoxy resin with increase CTBN content.

The Tg was identified as the maximum of the tan d curves. Figure 3 depicts the Tg

and gelation of 10 phr CTBN modified epoxy with increasing radiation dose. The gelation

of 10 phr CTBN modified epoxy resin increased according to increasing radiation dose and

Tg are shifted to higher temperature with increasing radiation dose. Figure 4 shows the

gelation and Tg of 10 phr CTBN modified epoxy resin irradiated at 250 kGy with

increasing content of TASHFA. The gelation of 10 phr CTBN modified epoxy resin

containing 5 wt% TASHFA is 88% and that of containing 3 wt% TASHFA is 74%. The Tg

Figure 2. The dependence of S+S1/2 of CTBN modified epoxy resins with increasing content of

CTBN (content of TASHFA is 5 wt%).

Park et al.644

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



of 10 phr CTBN modified epoxy resins are shifted to higher temperature with increasing

contents of TASHFA. It is directly associated with increasing gelation because molecular

mobility decreased to the cross-linking of the materials due to the radiation dose and

initiator. This proves that high dose of irradiation and increase of initiator induces further

Figure 3. The comparison a)DMA curves and b)gelation of 10 phr CTBN modified epoxy resin

with increasing radiation dose (content of TASHFA is 3 wt%).
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cross-linking of the materials (Figs. 1–4). This result can be seen from Fig. 5. Figure 5

shows the Tg of CTBN modified epoxy resin with increasing content of CTBN. The

gelation of CTBN modified epoxy resin decreased with increasing content of CTBN

(Fig. 1). The Tg of CTBN modified epoxy resin are shifted to lower temperature according

to increasing content of CTBN and decreasing gelation.

Figure 4. The comparison a)DMA curves and b)gel fraction with increasing content of TASHFA

(content of CTBN is 10 phr and radiation dose is 250 kGy).
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Fractography of CTBN Modified Epoxy Resin

The morphology of CTBN modified epoxy resins can significantly affect the

toughening mechanism and consequently, its fracture toughness. Figure 6 represents SEM

micrograph of notched impact fractured epoxy resin without CTBN. The gelation of the

sample is 100% (Fig. 1). The smooth surface indicates that this specimen fractured in a

brittle manner. It was no special feature and no significant plastic deformation had

occurred. Figure 7 shows fractured surfaces of CTBN modified epoxy resin with

increasing content of CTBN. The domains of rubbers were uniformly distributed through

the matrix. Small amount of deformation lines and the smooth surfaces are observed. The

bright interfacial layer around the rubber domains may indicate rubber particles. Higher

CTBN concentrations produced many bright interfacial layers. This feature of CTBN

modified epoxy resins correlation with morphology generated by phase separation induced

by curing.[9] When the fracture surfaces in these micrographs are compared with Fig. 6, it

was observed that epoxy resin without CTBN has no interfacial layers. Therefore, these

brighter domains may be attributed to weak interaction between rubber particles and

epoxy matrix.[10] This proves that gelation of modified CTBN epoxy resins decreases with

increasing contents of CTBN (Fig. 1).

Flexural Properties of CTBN Modified Epoxy Resins

Figure 8 shows strain at yield of CTBN modified epoxy resins according to increasing

content of CTBN. It can be seen that strain at yield of CTBN modified epoxy resins

drastically increased with increasing content of CTBN. Figure 9 shows the stress at yield of

CTBN modified epoxy resin. It was observed that the stress at yield decreased according to

Figure 5. The DMA curves of CTBN modified epoxy resins with increasing content of CTBN

(content of TASHFA is 5 wt% and radiation dose is 250 kGy).
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increase content of CTBN. Specially, the stress at yield of 15 phr CTBN modified epoxy

resin drastically decreased. But the stress at yield of 5 phr and 10 phr CTBN modified epoxy

resin had almost the same value as that of epoxy resin without CTBN. Figure 10 depicts

Young’s modulus CTBN modified epoxy resins with increasing content of CTBN. Also,

Young’s modulus of CTBN modified epoxy resins had the same result as Fig. 9 and that of

15 phr CTBN modified epoxy resin drastically decreased. Figure 11 represents the stress vs.

strain curves of CTBN modified epoxy resins. Brittle fracture is evidenced for epoxy resin

without CTBN absence of yield point. However, the 15 phr and 20 phr CTBN modified

epoxy resin exhibit a ductile deformation with appearance of an upper yield point. When the

epoxy resins were contained CTBN above 15 phr, stress at yield was too small and

characteristics of epoxy resin lost. Specifically, a characteristic of rubbers is too strong.

However, stress at yield of 10 phr CTBN modified epoxy resin had almost the same value

and strain at yield increased in case of more than that of epoxy resin without CTBN. This

result can be seen from Fig. 12. Figure 12 shows the toughness at yield of CTBN modified

epoxy resin. The stress at yield of CTBN modified epoxy resins improved with increasing

content of CTBN. Generally, 10 phr of CTBN modified epoxy resin had the highest

toughness at yield. However, gel fraction and toughness of epoxy/CTBN system decreased

significantly with the further addition of CTBN because of separation of CTBN from epoxy

resin. It is well known that in order to toughen an epoxy resin with a liquid rubber, first, the

liquid rubber should form a rubbery second phase which is dispersed throughout the matrix

and second, the rubbery second phase should be bonded to the matrix through the functional

groups of the liquid rubber.[2] The magnitude of this optimum value is expected to depend on

compatibility between epoxy resin and rubber. 10 phr CTBN modified epoxy resin is

expected to have the highest compatibility between epoxy resin and CTBN.

Figure 6. SEM micrographs of fracture surfaces of epoxy resin without CTBN (content of

TASHFA is 5 wt%, and the radiation dose is 50 kGy).
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Figure 7. SEM micrographs of fracture surfaces of materials of irradiated at 250 kGy with CTBN

a) content of CTBN is 5 phr b) content of CTBN is 10 phr c) content of CTBN is 15 phr d) content of

CTBN is 20 phr.

Figure 8. Strain at yield of BPA/CTBN resins with increasing content of CTBN. (content of

TASHFA is 5 wt% and radiation dose is 250 kGy).
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Figure 10. Young’s modulus of CTBN modified epoxy resins with increasing content of CTBN.

(content of TASHFA is 5 wt% and radiation dose is 250 kGy).

Figure 9. Stress at yield of BPA/CTBN resins with increasing content of CTBN. (content of

TASHFA is 5 wt% and radiation dose is 250 kGy).
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Figure 12. Toughness at yield of CTBN modified epoxy resins with increasing content of CTBN

(content of TASHFA is 5 wt% and radiation dose is 250 kGy).

Figure 11. Stress–Strain curve of BPA epoxy resins with increasing content of CTBN (the sample

of CTBN 0 phr is irradiated 50 kGy and the others are irradiated 250 kGy and content of TASHFA is

5 wt%).
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CONCLUSIONS

The effects of irradiation, gelation, content of CTBN and morphology on the

characteristics of CTBN modified epoxy resin were investigated. The gelation of CTBN

modified epoxy resins increased with increasing radiation dose, but decreased with

increasing content of CTBN. Also, tan d peaks are shifted to higher temperature with

according to gelation. It is directly associated with increasing gelation because molecular

mobility decreased to the cross-linking of the materials. The morphology of CTBN

modified epoxy resins can significantly affect the toughening mechanism and

consequently its fracture toughness. The bright interfacial layer around the rubber

domains may indicate rubber particles. Higher CTBN concentrations produced many

bright interfacial layers. This feature of CTBN modified epoxy resins correlation with

morphology generated by phase separation induced by curing. The displacement at yield

and strain at yield of CTBN modified epoxy resins drastically increased with increasing

content of CTBN. The stress at yield and Young’s modulus of CTBN modified epoxy

resins improved with increasing content of CTBN. Specially, those of 15 phr CTBN

modified epoxy resin drastically decreased. Brittle fracture is evidenced for epoxy resin

without CTBN absence of yield point in the stress versus strain curves of CTBN modified

epoxy resins. However, the 15 phr and 20 phr CTBN modified epoxy resin exhibit a ductile

deformation with appearance of an upper yield point. When the epoxy resins were

contained CTBN above 15 phr, stress at yield was too small and characteristics of epoxy

resin lost. Specially, a characteristic of rubbers is too strong. 10 phr CTBN modified epoxy

resin had the highest toughness at yield. However, toughness at yield of CTBN modified

epoxy resin containing above 15 phr drastically decreased. The magnitude of this optimum

value is expected to depend on compatibility between epoxy resin and rubber.
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