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AMtract--The effect of cross-link density on the toughness of modified resins was investigated for 
modification of epoxy resins with acrylic elastomers with pendant epoxy groups. The elastomers were 
prepared by terpolymerization of butyl acrylate (BA), glycidyl methacrylate (GMA) and acrylonitrile 
(AN). The cross-link density of the epoxy matrix was controlled using hybrid hardeners composed of 
p,p'-diaminodiphenyl sulphone (DDS) as a primary diamine and p,p'-(N,N'-dimethyl)-diaminodiphenyl 
sulphone (MDS) as a secondary diamine. The terpolymers were effective as modifiers for toughening of 
difunctional epoxy resins (bisphenol A diglycidyl ether). The addition of 20 wt% of the terpolymer 
(62 tool% BA, 25 tool% GMA and 13 mol% AN, ~o 7900) led to a 100% increase in the fractural 
toughness of the resin cured with the hybrid hardener (DDS/MDS, 48:52 mol ratio, 65:35 NH ratio). The 
lower the cross-link density, the larger was the fracture toughness and the lower was the glass transition 
temperature. On the other hand, the terpolymers were less effective in the modification of trifunctional 
epoxy resins of higher cross-link density (triglycidyl aminocresol) even when using the hybrid hardener 
(DDS/MDS, 48:52 mol ratio). Both modified systems afforded cured resins with two-phase morphologies. 
The toughening mechanism is discussed in terms of the morphological and dynamic mechanical 
behaviours of the modified epoxy resin systems. It is concluded that the ductility of the epoxy matrix 
contributes greatly to toughening of epoxy resins with acrylic elastomers. 

INTRODUCTION resin with highly cross-linked structure is often used 

Epoxy resins are some of the most important ther- as a structural adhesive and a matrix resin for high 
mosetting polymers and have wide use as structural performance composites. Recently, Rezaifard et al. 
adhesives and matrix resins for fibre composites but reported that graft copolymers of natural rubber and 
their cured resins have a drawback, being brittle and poly(methyl methacrylate) were effective in the 
having poor resistance to crack propagation. The modification of TGDDM [7]. It is interesting how the 
toughness of epoxy resins has been increased by reactive acrylate elastomers containing pendant 
blending with reactive liquid rubbers such as car- epoxy groups would behave in the modification of 
boxyl-terminated butadiene-acrylonitrile rubbers multifunctional epoxy resins. 
(CTBN) [1] or terminally functionalized engineering There have been few studies on the relation be- 
thermoplastics [2]. In previous papers, epoxide-con- tween the toughening of epoxy resins and the cross- 
taining acrylic rubbers, prepared by copolymeriza- link density of the epoxy matrix. Kinloch et al. [8] 
tion of n-butyl acrylate (BA) with vinylbenzyl varied the molecular weight between cross-links in the 
glycidyl ether (VBGE) [3] or terpolymerization of CTBN-modified epoxy resins cured with piperidine 
BA, VBGE and styrene (St) or acrylonitrile (AN) [4], by changing the cure time and temperature. The 
have been reported as decreasing the brittleness of fracture energy, Glc, increased when the cross-link 
p,p'-diaminodiphenyl sulphone (DDS)-cured epoxy density was decreased. Pearson and Yee [9] studied 
resins. Glycidyl (meth)acrylates (GA or GMA) were the toughness of CTBN-modified bisphenol A digly- 
also used as more convenient monomers containing cidyl ethers with various epoxy equivalent weights, 
pendant epoxy groups, in place of VBGE. BA/GA or using DDS as hardener. A decrease in the cross-link 
BA/GMA copolymers and BA/GMA/AN or density produced a small increase in Gtc for the un- 
BA/GMA/St terpolymers were prepared and used as modified resin and a significant increase in Gtc for the 
effective modifiers [5, 6]. modified resin. The cross-link density was controlled 

Most of the modification with reactive elastomers by the curing conditions in the former study and by 
have been carried out using difunctional epoxy resins the molecular weight of the starting epoxy resins in 
such as diglycidyl ether of bisphenol A. On the other the latter. The cross-link density of epoxy matrix was 
hand, in the modification of highly cross-linked also regulated by a curing agent in the modification 
epoxy matrix, reactive rubbers such as CTBN have of fluorene-containing epoxy resins, materials with a 
been reported as ineffective modifiers [1]. DDS-cured rigid planar structure [10], where the epoxy resin was 
tetraglycidyl diaminodiphenylmethane (TGDDM) cured with a combination of fluorene type primary 

and secondary diamines of similar structure and the 
decreased cross-link density also resulted in consider- 

*To whom all correspondence should be addressed, able increase in G~c of cured resins. 
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This paper  reports  the effect of  cross-link density Table 1. Characterization of terpolymers 
on the modif icat ion of  DDS-cured  epoxy resins with Terpolymer composition 
acrylic e lastomers  prepared by radical terpolymeriza-  EEW b /-~c 
t ion ofBA,  G M A  and AN.  The cross-l ink density of  the No. BA GMA AN ~', '  ,f/w/~t,' (g/eq) (°t~) 
epoxy matr ix  was control led using MDS,  a secondary I~ 62 25 13 7900 1.61 488 -32 
diamine.  The effect of  the cross-link density on the 1I 66 22 12 7300 1.69 561 -32 

Ill d 57.5 24.5 18 7200 1.66 482 -30 
toughness  of  the cured epoxy resin was examined.  

'By GPC. 
bEpoxy equivalent weight. Determined by HCl/dioxane method. 

C H  3 CBy DSC. 
[ dSee Ref. [6]. 

-(CH=CH ) x--(C H,C-) ~'-(C H,C H)~--- 
C -  O C =  O C N A 200 ml stainless pressure bottle was charged with 
| [ dichlorodiphenyl sulphone (33.8 g, 0.117 tool), potassium 
O C 4 H  9 0 C H 2 C H / C H  2 carbonate (18.7g, 0.186mol) and N-methylpyrolidone 

(NMP) (70 ml). After the solids had been dissolved with 
O stirring, anhydrous chilled ( - 7 8  °) monomethylamine 

(18.3 g, 0.590 mol) was added. The reaction mixtures were 
kept at 160 ° for 3 days. After the reaction was over, the 

EXPERIMENTAL PROCEDURES resulting salts were removed by filtration and washed with 
Materials methanol. The filtrate was poured into water (5 1.) to remove 

NMP. The crude product was separated as a white solid, 
Epoxy resins were the liquid bisphenol A type epoxy resin washed with hot water and dried in vacuo at 80 ° for 15 hr. 

(DGEBA) [AER 331, Asahi Chemical Industrial Co., epoxy The crude product (29.3 g, 90%) was purified by recrystal- 
equivalent weight (EEW) 191] and the liquid aminocresol lization from toluene/dioxane mixture (400ml/200ml). 
type trifunctional epoxy resin (TGAC) (ELM-100, Sumit- Yield 28.3 g (87%), m.p. 174-176 ° (Ref. [13] 170-172°). 
omo Chemical Industrial Co., EEW 113). DDS and MDS It is noteworthy that the preparation process of MDS in 
were used as curing agents. Elastomers were prepared by this study differs from the published method [13], in which 
radical terpolymerization as reported previously [4~5]. MDS was prepared in aqueous solution. 
Other reagents were used as received. 

Measurements Curing procedure 
A mixture of the epoxy resin and the terpolymer was 

Mechanical properties of cured resins were measured with heated at 120 ~ to homogenize, and the curing agents, DDS 
a Shimadzu autograph AGS-500B universal testing ma- and MDS, were added to the mixture, which was kept at 
chine. Flexural tests were carried out at a cross head speed 120 ° for about 1 hr to dissolve DDS and MDS. The 
of 2 mm/min (JIS K7203). Fracture toughness, K, c, was resulting clean mixture was poured into a silicon mould 
measured in a three-point bent geometry at a cross head preheated at 100 °. The curing conditions were 120 ° for 1 hr 
speed of I mm/min (ASTM E-399). Glass transition tem- followed by 180 ° for 5 hr. The amount (wt%) of terpolymers 
peratures (T s) of both elastomers and cured resins were used was calculated according to the amount of epoxy 
measured by differential scanning calorimetry (Shimadzu resins, DGEBA and/or TGAC. The curing agents (DDS 
DSC 41 M type) at a heating rate of 10°/min except for and MDS) were used stoichiometrically to the total epoxy 
cured TGAC resins. The Tg for the TGAC resins was content of both the epoxy resins and the terpolymers. 
obtained by thermal mechanical analysis (Shimadzu TMA 
40 M type) at a heating rate of 5°/min. Scanning electron 
micrographs were taken with a JEOL JSM 35 instrument 
using failed specimens in the K~c tests. Dynamic viscoelastic RESULTS 

analysis was performed with a Rheometrics RDS-II type Mechanical and thermal properties o f  modified epoxy 
(Rheometrics Co.) between - 130'-250 ° at a heating rate of 
5°/min at frequency of I Hz. The cross-link density, p, was resins 
calculated from the equilibrium storage modulus, G' in the Table  1 reports  some characteris t ic  propert ies  of  
rubber region over the or-relaxation temperature according the acrylic terpolymers  used here. The  elastomers  were 
to the equation [I 1] designed from the results of  the previous papers  [3-6], 

p = G'/fpRT considering the compat ibi l i ty  of  e lastomers  with the 

where ~b, R and T are the front factor (usually equal to epoxy matrix:  e las tomers  conta in ing  > 86 m o l %  of  
unity), the gas constant and the absolute temperature in the BA units  had  low compat ibi l i ty  with the epoxy 
rubber region, respectively. (Tg + 40) ° is often used as the T matrix,  and  modif icat ion with 20 w t% addi t ion  of  the 
value in the equilibrium storage modulus [12], but the copolymer  of  higher  epoxy conten t  (45mo1% of  
storage modulus at (T~ + 30) ° was better as the plateau V B G E  units) resulted in a homogeneous  s t ructure  for 
region in the present curing system except for the unmodi- the cured resin, where no increase in the fracture 
fled DGEBA/DDS resin, for which (Tg + 25) ° was used. toughness  was observed. In this paper,  e las tomers  I, 

Preparation of MDS II and  I l l  were used as equivalent  modifiers. For  

MDS was prepared according to the scheme. 

C ' ~ - - S  O2 ~ - - C '  + 2CH3NH = 

CH3N H ' - ~ ~ O 2 - - ~ N H C H  3 
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Table 2. Mechanical and thermal properties of cured DGEBA resins ~ 
Entry No. 

I 2 3 4 5 6 7 

Composition (wt ratio) 
DGEBA/terpolymer 1 100/0 100/0 100/0 80,20 80/20 80,'20 80/20 

Hardener composition 
DDS/MDS (tool ratio) 100/0 48/52 33,,'67 100,0 67/33 48/52 33/67 

(NH ratio) 100/O 65,35 50,' 50 100,0 80,'20 65,35 50/50 

Flexural strength (kgf~mm") 15.5 + 0.6 15.5 _+ 0.3 14.5 _+ 0.4 12.5 ± 0.7 11.5 + 0.6 12.0 -,~ 0.5 12.1 + 0.3 
Flexural modulus (kgf/mm 2) 299 ± 6 293 _+ 10 263 _+ 12 263 ± 8 255 + 13 254 £ 7 255 + 5 
n b 7 9 5 6 6 7 8 
K I ( ( M N m  ~)  0.70+_0.01 0.71+_0.04 0.71+0.04 0.94+0.05 1.08+0.06 1.22+0.08 1.38+0.03 
n ~ 7 6 7 6 4 7 5 
Tg ~ (C )  180(200) d 150 145 179 155 138 126 

"The _+x values show standard deviations. 
bNumber of specimens. 
~By DSC. 
dBy TMA. 

example, on addition of 20 wt% of the terpolymers, DDS/MDS (33/67 mol ratio), Ktc for the I (20 wt%)- 
the Klc values (MNm -~/2) for the I-, II- and III- modified resin (Entry No. 7) increased 100%, corn- 
modified resins were 0.94, 0.95 and 0.89, respectively, pared to that for the DDS-cured unmodified resin 
in the DGEBA/DDS curing system. The results for (Entry No. 1). Tgs of the cured resins decreased with 
the modification with terpolymers I or III have been the increased MDS content. 
reported previously [6]. Figures 1 and 2 show the mechanical properties of 

The cross-link density of the epoxy matrix was the cured DGEBA resins as a function of the elas- 
controlled using MDS, an aromatic secondary di- tomer concentration; the results for the DDS-cured 
amine, as a chain extender. The cross-link density of resins have been reported previously [6]. The flexural 
the matrix was dependent on the hardener compo- strength and moduli for the modified resins decreased 
sitions (DDS and MDS) as described later in the gradually with increase in the elastomer concen- 
dynamic viscoelastic behaviour of the cured resins, tration (Fig. 1). The fractural behaviours of the 
Table 2 shows the dependence of the mechanical modified resins depended on the hardener compo- 
properties of the cured resins on the hardener compo- sition (Fig. 2). K~c for the DDS-cured resins increased 
sitions in the DGEBA system. The flexural strength gradually and tended to level off with increasing 
and modulus for the unmodified DGEBA resin de- elastomer I concentration. On addition of 25 wt% of 
creased to some extent when using 67 mol% of MDS I, Klc of the modified resin increased 35%. On the 
(EntryNo. 3),compared to the DGEBA/DDS system other hand, the use of the hybrid hardener 
(Entry No. 1). The K~c values for unmodified resins (DDS/MDS 48/52 mol ratio, 65/35 NH ratio) led to 
hardly changed with the hardener compositions. On a linear increase of K~c with increase in elastomer II 
addition of 20 wt% of terpolymer I, Ktc increased content. Ktc of the II (25 wt%)-modified resin showed 
with increasing MDS content at slight expense of a 90% increase, compared to the unmodified resin 
mechanical properties. In the curing system of cured with the same hybrid hardener. Figure 3 shows 

the dependence of Tg on the elastomer content. T s 
decreased slightly with increase in the elastomer 

] ~ content. 1.4 

E E ~ 1.2 

,,. 1 5  

= - _o • 
u. " 0.8 

• . 1 0  \ o 
u= 

0.6j; 

0 10 20 25 0 10 20 25 
Terpolymer content (wt%) Terpolymer content (wt%) 

Fig. 1. F|exural strength and modulus of the ¢lastomer- Fig. 2. Dependence of fracture toughness for modified 
modified DGEBA resins as functions of  the elastomer DGEBA resins on the elastomer concentration. C), Elas- 
concentration. C), Elastomer II; DDS/MDS 48:52 mol tomer II; DDS/MDS 48:52 mol ratio; O, elastomer I; DDS 

ratio; O, elastomer I; DDS only. only. 
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tri- or tetrafunctional epoxies because of the network 
steric restriction for the epoxy group [14]. In this 

190 ~ study, boron trifluoride monoethylamine complex 
~" ~ e  * was also used as accelerator in the curing of the 

170 • TGAC/DDS system, b u t  the exothermal peak was 
still observed in the DSC analysis. Tg (237 °) for the 
TGAC/DDS resin exceeded that (200 °) for the DDS- 
cured DGEBA resin as obtained by TMA. Tg for 15°~~°~Q---o- TGAC resins decreased on modification with the 
elastomers. The use of MDS also led to a decrease in T , i , I i 

0 10 20 25 Tg for the unmodified and modified resins. 

Terpolymer content  (wt%) Dynamic viscoelastic analysis o f  the modified resins 
Fig. 3. Glass transition temperatures of the cured DGEBA Dynamic viscoelastic analysis can give information 
resin. O, Elastomer II; DDS/MDS 48:52 mol ratio; O, 

elastomer I; DDS only. on the micro-structure of cured resins. Figures 4 and 
5 show the storage moduli, G', and tan 6 for the 
unmodified and I-modified DGEBA resins, respect- 

Table 3 shows the results for modification in the ively. In both curing systems, the peak position of the 
epoxy blend containing the trifunctional epoxy resin ~-relaxation in the tan 6 curves shifted towards lower 
(TGAC). In a unmodified DGEBA/TGAC (80:20wt temperature with increasing MDS content in the 
ratio) blend cured with DDS (Entry No. I in Table hardener, compared to the dynamic viscoelastic be- 
3), the flexural strength was comparable, the flexural haviour for the DDS-cured epoxy resin. The storage 
modulus and Tg were larger, and Klc hardly differed moduli above the s-transition temperature also de- 
from those in the DGEDA/DDS curing system creased with increasing MDS content. The storage 
(Entry No. 1 in Table 2). The extent of improvement modulus in the glassy state hardly changed up to 
in the toughening of the epoxy blend cured with DDS 48 mol% of MDS content and then decreased. The 
(Entry Nos 1 and 2 in Table 3) was comparable to the apparent cross-link density, p, was calculated based 
fracture behaviour in the modification of the on the storage modulus, G', in the rubbery region at 
DGEBA/DDS system (Entry Nos 1 and 4 in Table 2). higher temperature, T, than the ~-relaxation accord- 
T s for the modified epoxy blend/DDS resin (Entry ing to the theory of rubber elasticity. Table 4 shows 
No. 2 in Table 3) increased ca 20 ° over that for the the apparent cross-link density of the cured resins. 
modified DGEBA/DDS resin (Entry No. 4 in Table Figure 6 shows plots of the cross-link density vs the 
2). In the modification of the epoxy blend, Klc for the hardener composition in both the unmodified and 
resin cured with the hybrid hardener (Entry No. 4 in modified resins. The cross-link density of the cured 
Table 3) was larger than that for the DDS-cured resin resin decreased with increasing MDS content. It is 
(Entry No. 2 in Table 3). noteworthy that the acetone insoluble fraction was 

Table 3 also shows the results in the modification obtained in 57 wt% in the cured resin with only MDS 
of TGAC. The flexural strength and modulus for the (Soxhlet extraction conditions; 8.5 days at reflux 
DDS-cured TGAC resin were larger than those for temperature). 
the DGEBA/DDS resin system. The fractural be- 
haviour in the TGAC/DDS system was quite differ- Morphologies o f  the cured resins 
ent from that in the DGEBA or DGEBA/TGAC Figure 7 shows the scanning electron micrographs 
resins. There was no improvement in the brittleness (SEMs) of the cured resins. Morphological results for 
of the modified TGAC/DDS resin. In the use of the the cured resins are collected in Table 5. The un- 
hybrid hardener, K1c for the TGAC resin increased modified resins were transparent and had only one 
slightly. Tg was measured by thermal mechanical phase, independent of the hardener compositions. 
analysis, as DSC could not be used because of the The morphology of the unmodified DGEBA resin 
exothermal peak. In general it is difficult to cure fully cured with DDS/MDS (33:67 mol ratio) was very 

Table 3. Mechanical and thermal properties of cured epoxy resins a 

Entry No. 
1 2 3 4 5 6 7 8 

Composition (wt ratio) 
D/T/M b 80/20/0 64/16/20 80/20/0 64/16/20 0/100/0 0/80/20 0/100/0 0/80/20 

Hardener composition 
DDS/MDS (mol ratio) 100/0 100/0 48/52 48/52 100/0 100/0 48/52 48/52 

Flexural strength (kgf/mm 2) 15.5_+0.8 11.1 _+0.4 16.7_+0.4 13.0_+0.2 16.4+0.4 12.5_+0.4 18.4_+0.4 14.3_+ 1.5 
Flexural modulus (kgf/mm 2) 334 + 7 253 _+ 12 315 _+ 12 272 _+ 3 431 _+ 13 342 _+ 13 399 _+ I I 348 _+ 7 
n ¢ 6 7 7 5 6 4 4 6 
Kic(MNm -3/~) 0.67_+0.04 0.90+0.05 0.68_+0.01 1.02_+0.03 0.61_+0.04 0.60_+0.05 0.60_+0.06 0.71_+0.09 
n c 7 5 5 6 5 5 5 4 
T| d (°C) 198 195 145 140 237 ' 221 e 199 • 177 c 

'The _+x values show standard deviations. 
bD, DGEBA; T, TGAC; M, modifier. Use of terpolymer II except for No. 8, where terpolymer III was used. 
c Number of specimens. 
dBy DSC. 
CBy TMA. 
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Fig. 4. Dynamic viscoelastic analysis for unmodified cured DGEBA resin. DDS/MDS mol ratio: 
, 100:0; - - - - - ,  48:52; ..... ,33:67. 

similar to that of the DDS-cured unmodified resin cured with DDS [Fig. 7(B)]. When using 67 mol% of 
[Fig. 7(A)]. The elastomer-modified resins had two- MDS, the size distribution of  the particles became 
phase morphology with the elastomer-rich phase bimodal [Fig. 7(C)]. The volume fraction of the 
forming dispersed spherical particles in the epoxy- dispersed particles for the I-modified resins was 
rich matrix. Morphologies of the elastomer I nearly equal to or larger than the weight fraction of 
(20 wt%)-modified resin were unimodai in the hybrid the elastomer added. In the hybrid hardener system 
curing system and hardly changed up to addition of (DDS/MDS, 48/52 mol ratio), the volume fraction of 
52 tool% of MDS, compared to the I-modified resin the dispersed particle increased with increasing ter- 

, ~  "" ~ ' "  " ~ ~ . .  /~r~ 1 O° 

o /tplf / 
;= =, ,o '  . 1o" 

los I , ....... ~ IC 

lO~I i , i i J , i ~ lO -~ 
-100 0 100 20O 

Tempera ture / °C 
Fig. 5. Dynamic viscoelastic analysis for cured DGEBA resin modified with 20 wt% of I. DDS/MDS mol 

ratio: - - ,  I00:0; ..... ,67:33; - - - - - ,  48:52; . . . .  ,33:67. 



578 TAKAO IInMA et al. 

Table 4. The cross-link densities of cured DGEBA resins 
Resin composition 

DGEBA/terpolymer (wt ratio) 100/0 100/0 100/0 80/20 80/20 80/20 80/20 
Hardener composition 

DDS/MDS (mol ratio) 100/0 48/52 33/67 100/0 67/33 48/52 33/67 
(NH ratio) 100/0 65/35 50/50 100/0 80/20 65/35 50/50 

Tg(C) ~ 203 172 167 200 181 165 159 
G' (dyne/cm2).10 7b 12.27 ¢ 6.25 4.23 10.47 8.40 4.93 3.17 
p (mol/cm 2) 2.95 1.58 1.08 2.51 2.09 1.27 0.825 
By dynamic viscoelastic analysis. 

bAt T= Tg+30 . 
~At T=Ts+25 ~. 

polymer II concentration up to 25 wt% and was link density can be controlled systematically by using 
larger than the weight fraction of the terpolymer, but MDS, a secondary diamine, as shown in Fig. 6. 
the particle sizes hardly changed. The reactive acrylic elastomers with pendant epoxy 

The unmodified DGEBA/TGAC blends and groups were more effective as modifiers in the use of 
TGAC resins were transparent and had one phase, the DDS/MDS hybrid hardener than the DDS curing 
Morphologies of the modified DGEBA/TGAC system in the modification of both DGEBA and 
blends were similar to those for the modified DGEBA DGEBA/TGAC mixed resins. Figure 10 shows the 
resins (Fig. 8 and Table 5). In the modified TGAC dependence of mechanical properties on the cross- 
resin, the size distribution of the particles was link density. Flexural strength for the unmodified 
bimodal independent of the hardener compositions resins decreased slightly, dependent on the cross-link 
(Fig. 9). density. Flexural strength for the modified DGEBA 

resin decreased compared to that for the unmodified 
resin. The flexural properties for modified resins were 

DISCUSSION approximately independent of the cross-link density. 

The storage modulus in the plateau region over the On the other hand, the fractural behaviour depended 
on the curing systems to a greater extent. KE values 

-relaxation is related to the cross-link density of the for unmodified resins were independent of the cross- 
cured resins. It has been reported that short chain 
networks of cured resins might show non-Gaussian linking density, but those for the modified DGEBA 

resins increased linearly with decreasing cross-link 
character in the rubber region of higher storage density. K~c for the I (20wt%)-modified resin in- 
modulus (G' > 10 7Pa) and extensibility of network creased 100% when using DDS/MDS 50/50 (NH 
would be restricted, and then the rubber elasticity ratio), compared to that for the unmodified DGEBA 
theory might hold no longer [9, 15]. But LeMay and resin. Tg decreased with decrease in the cross-link 
Kelly show that the rubber modulus of highly cross- density of the cured resins (Fig. 11). 
linked epoxies can be used as a practical means to The morphology of the modified resin cured with 
predict the average network chain molecular weight the hybrid hardener of higher MDS content 
of the short chain DGEBA/DDS systems [16]. Then (DDS/MDS, 33/67 mol ratio, 50:50 NH ratio) 
the cross-link density was calculated from the storage changed considerably compared with the modified 
modulus above Tg (Table 4). Increase in the MDS resins cured with DDS or the hybrid hardener of 
content of the hybrid hardener led to decrease in the lower MDS content. The morphology of the former 
storage modulus. This result indicates that the cross- resin was bimodal and consisted of smaller 

(2.5 + 1.0/am) and larger (9.5 + 4.0/am) particles. 
The smaller particle sizes are similar to those in the 
latter system (Table 5). These results suggest that the 

3.0, ~ dispersed particles can coagulate into larger particles 
A ~ in the lower cross-linked matrix before gelation or 

vitrification. There are claims that a bimodai distri- 
- o bution of particle sizes is beneficial in rubber- 

modified epoxy resins [17] but, in the modification of 
,~, 2.1 DGEBA, K[c increases with decrease in the cross-link 
"~ density, independent of morphologies such as the = • 
® ~ ~ \  elastomer particle distribution (Fig. 10). Recently, 
• , Pearson and Yee also reported that a bimodal par- 
e .  

= tiele size distribution did not result in a greater ~ 1£ 
increase in fracture toughness in the modification of 

o \ epoxy resins with rubbers [18]. Morphologies of 
modified resins were also bimodal in both 
TGAC/DDS and TGAC/hybrid hardener systems. 

0 ' J ' ~ ' ~ ' ~ ' ~ ' The particle sizes are 2 . 7 + 1 . 2 # m  for smaller par- 
o lo  2 0  3 o  4 0  s o  ticles and 9 . 5 + 4 . 5 # m  for larger ones in the 

S e o o n d a r y  NH / total NH (%) TGAC/DDS resin. The morphology (3.4-I- 1.1/am 
Fig. 6. Relationships between the cross-link density and and 9 .4_  3.6/am) of the hybrid hardener-cured 
MDS content. ©, Elastomer I 20 wt% addition; 0 ,  un- TGAC resin is similar to that of the TGAC/DDS 

modified resin, system. It is noteworthy that the morphology of the 
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lo~m 
Fig. 7. SEMs  of  f rac ture  surfaces for the cured resins. (A) Unmodi f i ed  D G E B A  resin cured with the hybr id  
ha rdener  ( D D S / M D S ,  33:67 mol  ratio). (B) I (20 wt%)-modi f i ed  D G E B A  resin, D D S / M D S ,  48:52 mol  

ratio. (C) 1 (20 wt%)-modi f i ed  resin, D D S / M D S ,  33:67 mol  ratio. 

Table 5. Morphological results 

Resin composition Curing agent a Feed terpolymer b 
DGEBA/terpolymer DDS/MDS weight fraction D c Vr d N ~ 

100/0 100/0 0 - -  0 0 

DEGBA /1 series 
80/20 100/0 0.156 2.5 + 1.2 0.142 2.5 
80/20 67/33 0.148 3.3 _+ 0.9 0.192 2.1 
80/20 48/52 0.142 3.1 - 0.9 0.197 2.5 
80/20 33/67 0.137 3.7 _+ 3.0 f 0.152 0.9 

DGEBA /II series 
80/20 100/0 0.156 4.0_+0.8 0.192 1.3 
90/10 48/52 0.072 2.5 _+ 0.6 0.087 1.7 
80/20 48/52 0.143 3.2 _+ 0.8 0.183 2.2 
75/25 48/52 0.255 3.1 _+ 0.7 0.255 3.3 

DGEBA/TGAC/H or III series 
64/16/20' 100/0 0.152 4.0 _+ 0.8 0.181 1.3 
64/16/20 s 48/52 0.138 3.8 + 1.0 0.128 1.1 
0/80/20 g 100/0 0.137 4.5 _+ 3.7 f 0.165 0.6 
0/80/20 h 48/52 0.120 6.1 + 3.8 r 0.150 0.35 

Mol" ratio. 
bBased on the total resin. 
CAverage particle diameter in pm. The _+x values show standard deviations. 
dVolume fraction of dispersed particle. 
• Number of particles/100 ,u m. 
fBimodal distribution. 
8 Terpolymer |I. 
h Terpolymer IlL 

EPJ 28/~-B 
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. . . .  ~ 0 ~  

~o~ Cm 1 CB) i ~  

~ L l _ ~ _ 3 ~  _ Fig. 9. SEMs of fracture surfaces for the modified TGAC 
lO/J.m l l l ~ ~ ~ l ~ l F ~  resins. (A) II 20 wt% addition, DDS only; (B) III 20 wt% 

addition, DDS/MDS, 48:52 mol ratio. 
Fig. 8. SEMs of fracture surfaces for the modified 
DGEBA/TGAC blends. DGEBA/TGAC, 80/20 wt ratio; II 
20wt% addition. (A) DDS only; (B) DDS/MDS, 48:52 mol modified resins have two-phase structure, and 

ratio, elastomer-rich particles dispersed in both epoxy 
matrices. The interfacial adhesion is due to covalent 
bonding between the epoxy matrix and the dispersed 

modified TGAC resin is also similar to that of the particles. 
above modified DGEBA resin cured with the hybrid Toughening in the modification with elastomers 
hardener of higher MDS content: however, the pro- could be attained by dissipating the fracture energy 
cess of phase-separation in the modification of because of the following various process. When hy- 
TGAC might be different from that in the modified drostatic pressures are applied to specimens with an 
DGEBA resins, considering the more highly cross- initial crack, particles in front of the crack tip act as 
linked matrix of the former resin [19]. The terpoly- stress concentrators; they cavitate and interact with 
mers were less effective in the TGAC curing system, each other. Such interaction between particles in- 
though the morphology of the modified TGAC resin duces shear band near the crack and the crack tip is 
was similar to that of the modified DGEBA resin blunted by plastic shear deformation of the matrix. 
cured with the hybrid hardener of higher MDS When the hydrostatic force increases, the crack prop- 
content, agate unstably, particles are elongated and torn, and 

The difference in the extent of toughening be- crack deflection and crack bifurcation are brought 
tween the DGEBA and TGAC systems is instructive about. There are small differences in morphology 
when considering the toughening mechanism in the between the modified DGEBA and TGAC resins, but 
modification with the present reactive acrylic elas- the fracture behaviours are quite different. Morpho- 
tomers, logical results indicate that the elastomer particles 

It is well-known that toughening epoxy resins by would act as stress concentrators in the TGAC/DDS 
elastomers should satisfy two requirements, viz. the curing system as well as in the modified 
existence of microphase separated structure and DGEBA/DDS resins. In the former modification, 
interracial bonding between two uncompatibilized however, the plastic deformation at fracture would be 
phases. Morphologies of the present elastomer- induced to a smaller extent owing to higher cross- 
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