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SYNOPSIS 

Aromatic polyesters, prepared by the reaction of arorqatic dicarboxylic acids and 1,4-bu- 
tanediol, were used to improve the toughness of bisphenol-A diglycidyl ether epoxy resin 
cured with p,p'-diaminodiphenyl sulfone. These polyesters contained poly(buty1ene phthal- 
ate)s (PBP), poly(buty1ene phthalate-co-butylene isophthalate)s, poly(buty1ene phthalate- 
co-butylene terephthalate)s, and poly(buty1ene phthalate-co-butylene 2,6-naphthalene di- 
carboxy1ate)s. All aromatic polyesters used in this study were soluble in the epoxy resin 
without solvents and were found to be effective as modifiers for toughening the cured epoxy 
resin. For example, the inclusion of 20 wt % PBP (MW 16,300) led to a 120% increase in 
the fracture toughness (I&) of the cured resin with no loss of mechanical and thermal 
properties. The toughening mechanism was discussed in terms of the morphological and 
dynamic viscoelastic behaviors of the modified epoxy resin system. 0 1996 John Wiley & 
Sons, Inc. 

INTRODUCTION 

Epoxy resins are one of the most important ther- 
mosetting polymers and have wide use as struc- 
tural adhesives and matrix resin for fiber com- 
posites, but their cured resins have one drawback; 
they are brittle and have poor resistance to crack 
propagation. The toughness of epoxy resins has 
been increased by blending with reactive liquid 
rubbers such as carboxyl-terminated butadiene 
acrylonitrile rubbers' or terminally functionalized 
engineering  thermoplastic^.^,^ In previous papers, 
various kinds of epoxide-containing acrylic elas- 
tomers have been reported as improving the 
toughness of p,p'-diaminodiphenyl sulfone (DDS)- 
cured epoxy resins, where vinylbenzyl glycidyl 
ether and glycidyl (meth)acrylate were used as 
epoxy-containing  monomer^.^-^ 

Engineering thermoplastics are interesting 
materials as modifiers for epoxy resins from the 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 61, 163-175 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-899S/96/010163-13 

viewpoint of the maintenance of mechanical and 
thermal properties for the matrix resins. Modifi- 
cation of epoxy resins with various types of duc- 
tile thermoplastics have been studied as alter- 
natives to reactive rubbers for improving the 
toughness of epoxy resins. Various kinds of en- 
gineering thermoplastics have been examined 
as modifiers, where commercial poly(ether sul- 
fone)s,'-" functionalized p ~ l y s u l f o n e s , ~ ~ ' ~ ~ ' ~  poly- 
( e the r i rn ide )~ ,~ . '~ - '~  poly(ary1 ether k e t o n e ~ ) s , ' ~ * ' ~  
and poly(pheny1ene oxide)" were reported as ef- 
fective modifiers. We found that N-phenylmal- 
eimide-styrene copolymers and N-phenylmaleim- 
ide-N-cyclohexylmaleimide-styrene terpolymers 
were effective modifiers for diglycidyl ether of bis- 
phenol-A (DGEBA).20-24 

In a previous paper," we reported that aromatic 
polyesters, prepared by the reaction of (iso)phthalic 
acids and a,w-alkanediols, were effective modifiers 
for more lightly cross-linked DGEBA resin cured 
with methyl hexahydrophthalic anhydride. The 
highly cross-linked epoxy resins are used as the ma- 
trices of advanced composites. Most recently, 
poly(ethy1ene phtha1ate)s (PEP) and the related co- 
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polyesters have been reported as effective modifiers 
for highly cross-linked epoxies.26 

In the modification of epoxies with PEP, the 
toughening could be achieved with no loss of me- 
chanical properties because of particulate structures 
of the modified resins. We report the modification 
of DDS-cured DGEBA resins with poly(buty1ene 
phtha1ate)s (PBP) and related copolyesters. The ef- 
fects of structure, molecular weight, and amount of 
polyesters used on the toughness of the cured resin 
were examined. 

EXPERIMENTAL 

Materials 

The epoxy resin was the liquid DGEBA (Epikote 
828, Shell Chemical Industrial Co., epoxy equivalent 
weight 190). DDS was used as a curing agent. The 
aromatic polyesters were prepared by the reaction 
of 1,4-butanediol and aromatic dicarboxylic acids or 
their derivatives as reported p r e v i ~ u s l y . ~ ~  Aromatic 
dicarboxylic acid and the derivatives contained 

Table I Characterization of Aromatic Polyesters 

Polyester" MCPCb M,b T: Acid Content 
Entry No. Composition (lo3) (lo3) MJMn ("C) (mEq/g) 

PBP 
3 
1 
4 
2 
5 

PBPI 
7 
3 
2 
1 
8 
5 
6 
4 
9 

PBPT 
9 

10 
1 
3 
2 
4 
7 
8 

PBPN 
10 
8 
3 
5 
2 
9 
6 
7 

12 
11 

4.2 
8.2 

11.4 
16.3 
28.1 

3.8 
5.0 
6.6 

10.7 
19.7 

1.4 
2.0 
2.0 
1.8 
1.7 

-10 
-9 
-2 
-5 
1 

0.080 

0.098 
- 

- 

- 

IP 10 
10 
10 
10 
20 
20 
20 
20 
50 

6.8 
10.9 
15.8 
21.7 

7.1 
10.7 
15.7 
24.3 
18.2 

4.7 
7.8 

10.3 
13.8 
5.4 
6.1 

10.2 
15.6 
12.1 

1.8 
1.7 
1.8 
1.8 
1.6 
2.0 
1.8 
1.8 
1.8 

- 
-14 

- 10 

-13 

-9 

- 

- 

- 

- 

TP 10 
20 
50 
50 
50 
50 
50 
50 

11.7 
12.5 
6.5 
7.3 
9.9 

13.2 
15.6 
23.3 

7.5 
7.8 
4.8 
5.8 
7.0 
7.2 
9.5 

13.0 

1.7 
1.8 
1.7 
1.6 
1.7 
2.1 
1.9 
2.0 

- 

-6 
2 
3 
5 
7 
8 

11 

- 

0.025 

0.019 
0.021 
0.011 

- 

ND 10 
10 
20 
20 
20 
20 
20 
20 
50 
54 

10.6 
17.0 
6.5 

11.0 
14.5 
18.0 
22.2 
30.5 
10.6 
13.0 

6.9 
11.0 
4.0 
7.1 
9.9 

11.0 
14.4 
19.1 
6.8 
7.8 

1.7 
1.8 
1.9 
1.8 
1.7 
1.8 
1.8 
1.8 
1.8 
1.8 

- 
11 

23 
- 

a IP, isophthalate unit; TP, terephthalate unit; ND, 2,6-naphthalene dicarboxylate unit mol % 
By GPC. 

'By DSC. 
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Figure 1 Physical properties of the modified resins as 
function of polyesters concentration. 8, Control; 0, PBP 
(MW 16,300); 0, PBPT (10 mol % TP unit, MW 11,700); 
El, PBPT (50 mol % TP unit, MW 15,600); 0, PBPN (20 
mol % ND unit, MW 22,200). 

phthalic anhydride, isophthalic acid, dimethyl tere- 
phthalate, and dimethyl 2,6-naphthalene dicarbox- 
ylate (provided by Mitsubishi Gas Chemical Corp.). 
Other reagents were used as received. 

Measurements 

'H-NMR spectra were recorded on a 90-MHz in- 
strument (JEOL JNM-9MX 90) using CDC13 as  
solvent and tetramethylsilane as internal standard. 
Molecular weights of polyesters were determined by 
gel permeation chromatography (Shimadzu LC-5A 
instrument) using polystyrene standards. The ter- 
minal carboxyl contents of polyesters were analyzed 
by titration with N/10 NaOH methanol solution us- 
ing a mixed indicator (bromothymol blue + phenol 
red) (JIS K6901). The mechanical properties of the 
cured resins were determined with a Shimadzu au- 

tograph AGS-500B universal testing machine. Flex- 
ural tests were carried out a t  a cross head speed of 
2 mm/min according to  J IS  K7203. The fracture 
toughness KIc was measured in a three-point bent 
geometry at  a cross head speed of 1 mm/min (ASTM 
E-399). The glass transition temperatures Tgs of 
both polyesters and cured resins were measured as 
the onset temperatures by differential scanning cal- 
orimetry (DSC) (Shimadzu DSC 41M type) a t  a 
heating speed of 10"C/min. Scanning electron mi- 
crographs (SEM) were taken with a JEOL JSM 35 
or a Hitachi SEM S-2100A instrument using failed 
specimens in the KIc tests. For the modified resin 
invisible to the above conventional SEMs, ion etch- 
ing of the polished surface was carried out by Hitachi 
flat milling E-3200 instrument (applied voltage 5 
kV, charge current 1 mA, milling time 40 min, ion 
incident angle 60°),  and a high-resolution SEM with 
a field emission gun (Hitachi FE-SEM, S-4500 type) 
was used. Dynamic viscoelastic analysis was per- 
formed with a Rheometrics RDS-I1 type (Rheome- 
trics Co.) between -150 and 250°C a t  a heating 
speed of 5"C/rnin a t  frequency of 1 Hz. 

--. 

I I 

MW 

Figure 2 Dependence of physical properties for the 
modified resins on polyester molecular weight; 20 wt % 
modifier addition. 8, Control; 0, PBP; 0, PBPI (20 mol 
% IP unit); ., PBPT (20 mol 74 TP unit); 0, PBPN (20 
rnol % ND unit). 
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Figure 3 Dependence of physical properties for the 
modified resins on solid polyester molecular weight; 20 wt 
% modifier addition. 0, Control; 0, PBP; 0, PBPT (50 
mol % TP unit); 0, PBPN (50 mol % ND unit). 

Curing Procedure 

The aromatic polyester was dissolved into the epoxy 
resin without solvents by heating a t  160°C. Then 
the curing agent, DDS, was added to the mixture, 
which was kept at  120°C for about 1 h to dissolve 
DDS. The resulting clean mixture was poured into 
a silicone rubber mold preheated at 120°C. The cur- 
ing cycle was l h at  120°C and 5 h at  180°C. DDS 
was used stoichiometrically to the epoxy resin. The 
amount (wt %) of the aromatic polyester used was 
based on the epoxy resin matrix (DGEBA + DDS). 

RESULTS 

Characterization of the Aromatic Polyesters 

In this study, various kinds of aromatic polyesters 
were prepared in quantitative yield by polyconden- 
sation of 1,4-butanediol and aromatic dicarboxylic 
acid or the derivatives and used as modifiers, which 

contain PBP, poly(buty1ene phthalate-co-butylene 
isophtha1ate)s (PBPI), poly(buty1ene phthalate-co- 
butylene terephtha1ate)s (PBPT), and poly(buty1ene 
phthalate-co-butylene 2,6-naphthalene dicarboxy- 
1ate)s (PBPN). The polyester compositions were 
equal to the feed compositions by 'H-NMR spec- 
troscopy. Table I reports some characteristic prop- 
erties of the aromatic polyesters. The gel permeation 
chromatography-average molecular weight (MGpc) 
was used as a measure of the molecular weight (MW) 
here and in previous  article^,^^,^^ because the num- 
ber-average molecular weight is highly sensitive to 
the presence of a small amount of lower-molecular- 
weight materials. The Tg of the aromatic polyesters 
had the tendency to increase with decreasing the 
phthalic acid unit content. It is noteworthy that the 
polyesters containing 50 mol % terephthalate (TP) 
or 2,6-naphthalane dicarboxylate (ND) units became 
solid, compared with the other viscous liquid ma- 
terials. 

Mechanical and Thermal Properties of Modified 
Epoxy Resins 

The cured parent epoxy resin was transparent, but 
the modified resins went from transparent to opaque 
during curing, depending on polyester structure and 
concentration. Table I1 shows the representative re- 
sults for the modification of the epoxy resin. Figure 
1 shows the mechanical and thermal properties of 
the modified resins as a function of concentration 
of polyesters. The fracture results indicate that the 
use of 20 wt % polyester is essential to reduce the 
brittleness of epoxies. 

When using PBP (MW 16,300) and PBPT (10 
mol % TP unit, MW 11,700) as modifiers, the flex- 
ural strength and modulus for the modified resins 
were maintained, compared with those for the un- 
modified epoxy resin. The modified resins were 
transparent, and DSC analysis did not show the 
endothermic behavior based on Tg, so their Tg val- 
ues were measured by dynamic viscoelastic anal- 
ysis as shown later. T, for the PBP-modified resin 
was equal to that for the unmodified resin (Table 
11, B19). 

In the modification with both PBPT (50 mol 75 
TP unit, MW 15,600) and PBPN (20 mol % ND 
unit, MW 22,200), the flexural properties of the 
modified resins decreased with increasing polyester 
concentration, compared with those for the parent 
epoxy resin. The PBPT-modified resins were trans- 
lucent and the PBPN-modified resins opaque, where 
the T, could be determined by DSC (Fig. 1). The Tg 
for the PBPT (50 mol % TP unit)-modified resins 
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Table I11 Morphological Results 

Resin 
Polyester Composition 

D" No. Particles/100 Fm2 
Entry No. Composition MW Matrix/Polyester ( rm) v, (lo2) 

Control 
PBP series 

B19 
B02 

BIOl 
B104 
BIlO 

BT04 
BT08 
BT06 
BT09 

EN04 
EN13 
EN14 

PBPI series 

PBPT series 

PBPN series 

100/0 

16,300 
28,100 

80120 
80/20 

C - 

0.25 f 0.06 
- 

0.166 
- 
3.1 

IP 10 
20 
50 

21,700 
24,300 
18.000 

80/20 
80/20 
80/20 

0.18 f 0.07 
0.14 ? 0.05 
0.12 f 0.04 

0.111 
0.149 
0.112 

4.0 
8.5 
8.8 

TP 50 
50 
50 
50 

13,200 
15,600 
15,600 
15,600 

80/20 
90/10 
80/20 
75/25 

0.24 f 0.08 
0.14 f 0.05 
0.31 f 0.06 
0.89 f 0.33 

0.220 
0.064 
0.190 
0.421 

4.7 
3.7 
2.4 
0.6 

ND 20 
50 
50 

22,000 
10,600 
13,100 

80/20 
80/20 
80/20 

0.17 f 0.06 
0.17 f 0.07 
0.48 k 0.14 

0.127 
0.137 
0.277 

5.0 
5.5 
1.4 

a Average particle diameter; values are means ? SD. 
Volume fraction of dispersed particles. 
Ill-defined particles with diameter of less than ca. 50 pm. 

were equal or slightly lower than that for the parent 
resin. 

Figure 2 shows the dependence of the mechanical 
and thermal properties for the modified resins on 
polyester MW on 20 wt % addition of viscous liquid 
polyester. The KIc for the modified resin increased 
with increasing polyester MW and leveled off. The 
optimum MW of the polyesters was about 15,000, 
where KIc increased 70-120% depending the poly- 
ester structure. KIc for the PBP (MW 16,300)-mod- 
ified resin increased 120% a t  no deterioration of 
flexural and thermal properties. When using higher 
MW (28,100) PBP, flexural and thermal properties 
of the modified resin deteriorated (Table 11; B02). 
The use of PBPI (20 mol % isophthalate (IP) unit, 
MW 15,700) led to a 90% increase in KIc a t  a slight 
expense of flexural strength and modulus; Tg for the 
transparent PBPI-modified resin could not be ob- 
tained by DSC (Table 11, BI06). The efficiency of 
PBPI as a modifier was rather insensitive to PBPI 
structure (Table 11, BI02,06, and 10). PBPI (10,20, 
or 50 mol % IP  units), PBPT (10 or 20 mol % TP 
units), and PBPN (10 or 20 mol % ND units) were 
slightly less effective than PBP. When using PBPT 
(20 mol % TP unit, MW 12,500) and PBPN (20 
mol % ND unit, MW < 18,000), the modified resins 

were transparent and the TB could not be determined 
by DSC. 

PBPT (50 mol % TP unit) and PBPN (50 mol 
% ND unit) were solid and interesting materials 
in terms of good processability. In the modification 
with PBPT (50 mol % TP unit), the dependence 
of physical properties of the cured resins on PBPT 
content is shown in Figure 1. Figure 3 shows the 
dependence of the mechanical and thermal prop- 
erties for the modified resins on MW of solid poly- 
esters (50 mol % TP or ND units) on 20 w t  % 
addition. The KIC value increased with increasing 
polyesters MW. The use of PBPT (MW 15,600) 
led to 80% increase in KIc a t  a loss of flexural 
properties. When using PBPN (MW 10,600), KIc 
increased 60% a t  no expense of flexural strength. 
PBPT (50 mol % TP unit) and PBPN (50 mol % 
ND unit) were less effective modifiers for epoxies 
than PBP, but the PBPN-modified resins had 
balanced properties, considering their good pro- 
cessabilities. When using PBPT of MW < 7300, 
the modified resins were transparent and their Tg 
could not be measured by DSC. The opaque resins 
showed the endothermic behavior by DSC. Tgs for 
the modified resins were equal or slightly lower 
than that for the parent resin. In general, DSC 
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was not useful to measure the Tg for the trans- 
parent modified resins in this study. 

Morphologies of the Modified Epoxy Resins 

The morphologies of the cured resins were investi- 
gated by SEM. The parent epoxy resins had only 
one phase as reported previ~usly.~ When using 20 
wt % of some kinds of the polyesters, the modified 
resins were transparent and the phase-separated 
structure could not be observed by SEM; such poly- 
esters contain PBP (MW < 16,300), PBPI (10 mol 
% IP unit, MW < 15,800), PBPI (20 mol % IP unit, 
MW < 15,700), PBPT (10 mol % TP unit, MW 
11,700), PBPT (20 mol % TP unit, MW 12,500), 
PBPT (50 mol % TP unit, MW < 7300), PBPN (10 
mol % ND unit), and PBPN (20 mol % ND unit, 
MW < 18,000) (Table I). When using the other 
polyesters, two-phase morphologies with polyester- 
rich spherical particles dispersed in the epoxy-rich 
matrix could be observed by conventional SEM. The 
morphological results are collected in Table 111. 

Figure 4 shows SEM micrographs for the PBP- 
modified resins. When using 20 or 25 wt % of PBP 
(MW 16,300), a very small amount of fine particles 
was observed, but SEM micrographs were obscure 
even under a high magnification (X20,OOO) [Fig. 4(A) 
and (B)]. In the modification with PBP (MW 
28,100), the modified resin has a particulate mor- 
phology, and some particles coagulate each other 
[Fig. 4(C)]. 

An example of the PBPI-modified resins is shown 
in Figure 5(A). The PBPI-modified resins had sim- 
ilar morphologies independent of the modifier 
structure, and their volume fraction V, was smaller 
than the feed compositions (Table 111, BIO1,04, and 
10). This indicates high compatibility of PBPI with 
the epoxy matrix. The PBPT (50 mol % TP unit, 
MW 15,60O)-modified resins had particulate mor- 
phologies [Fig. 5(B) and (C)]. The average diameter 
D of dispersed particles increased with increasing 
PBPT content. Although the lower MW PBPN (20 
mol % ND unit, MW 18,00O)-modified resins did 
not show a phase-separated structure on 20 wt % 
addition, the modified resin became translucent on 
25 wt % addition of the same modifier and smaller 
amounts of particles were observed [Fig. 5(D)]. The 
opaque PBPN (20 mol % ND unit, MW 22,000)- 
modified resins had particulate morphologies, and 
the average diameter of dispersed particles increased 
with increasing PBPN content [Fig. 5(E) and (F)]; 
the characteristics of the PBPN (25 wt %)-modified 
resin was irregular PBPN-rich particles, where more 
amounts of particles coagulated each other [Fig. 

Figure SEMs of fracture surfaces for PBP-modified 
resins. (A) 20 wt % addition of PBP (MW 16,500), mag- 
nification x20,000~ (B) 25 wt % addition of p ~ p  (MW 
16,500), magnification ~20,000; (C) 20 wt % addition of 
PBP (MW 28,100), magnification X10,OOO. 
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Figure 5 SEMs of fracture surfaces for the modified resins. (A) 20 wt % addition of 
PBPI  (10 mol % I P  unit, MW 21,700); (B) 20 wt % addition of P B P T  (50 mol % TP unit, 
MW 15,600); (C) 25 wt % of PBPT (50 rnol % TP unit, MW 15,600); (D) 25 wt 7% of P B P N  
(20 mol 96 ND unit, MW 18,000); (E) 20 wt 96 of P B P N  (20 rnol % ND unit, MW 22,000); 
(F) 25 wt % of P B P N  (20 rnol % ND unit, MW 22,000); ( G )  20 wt% of P B P N  (50 mol% 
ND unit, MW 10,600); (H) 20 wt% of P B P N  (50 mol% ND unit, MW 13,100). 

5(F)], compared with the morphologies of the other 
polyesters-modified resins [Fig. 5 ( C ) ] .  

PBP was a most effective modifier in this study, 
but the morphology of the lower MW PBP-modified 
resins could not be observed by conventional SEM. 
The SEMs of the lower MW PBP-modified resin 
etched by CHC13 (3  days) were also obscure (not 
indicated here). In the present modification, trans- 
mission electron microscopy was not useful, because 
the aromatic polyesters used here cannot be stained 
selectively by OsO, or RuO,. Then, ion etching of 
the polished surface by Ari plasma was tried for the 
cured resin modified with 20 wt % of PBP (MW 
16,300), the most effective modification system. 
Figure 6 shows micrographs of ion-etched specimens 
taken by high-resolution SEM with a field emission 
gun. The SEM micrograph for the unmodified resin 

was featureless [Fig. 6(A)]. For the micrograph of 
the PBP-modified resin, well-dispersed particles 
with diameter < 60 nm were observed [Fig. 6(B)]. 
At present, the ion-etching technique is under pro- 
gress, and it is unknown which component, the ma- 
trix or the modifier, will be etched out by bombarding 
with Art. It is thought that the particles in Figure 
6(B) would be PBP-rich materials, considering the 
ion-etching result of the unmodified resin and the 
morphological results in Figure 4(A). The result in- 
dicates that the use of conventional SEM is unsuit- 
able to analyze the microstructure of the transparent 
modified resins, but FE-SEM is useful. In the pres- 
ent modification, some of the transparent modified 
resins would also have nanometer-order particles 
dispersed in the matrix, considering the following 
dynamic viscoelastic behaviors. 
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Figure 5 (Continued from the previous page) 

Dynamic Viscoelastic Analysis of Modified 
Epoxy Resins 

Figure 7 shows the storage modulus G' and tan 6 
curves for the unmodified and PBP-modified resins. 
In the modification with 10 wt % of PBP (MW 
16,300), the peak position of the a-relaxation in the 
tan 6 curve shifted toward lower temperature, and 
its shape became broader, compared with that for 
the unmodified resin. When using 20 wt  % of PBP 
(MW 16,300), the broadness of the a-relaxation peak 
became greater and a new relaxation (a'-relaxation) 
peak appeared at  14°C. The existence of the &-re- 
laxation peak indicates the existence of a phase- 
separated structure, which corresponds to the mor- 
phological result [Fig. 6(B)]. The storage moduli at 
room temperature were larger than that for the un- 
modified resin. 

In the modification with 20 wt % of PBPT (50 
mol % TP unit), the peak position of the a-relaxa- 
tion shifted toward lower temperatures with de- 
creasing PBPT MW and new relaxation peaks were 
observed at ca.lO"C. The new relaxation peak be- 

came larger with increasing PBPT MW, but the po- 
sitions of the new a'-relaxation hardly changed (Fig. 
8). In the modification with lower MW (7300) PBPT 
containing 50 mol % TP unit, the a'-relaxation peak 
became shoulder, which indicates that the lower MW 
PBPT have higher miscibility with the epoxy matrix 
than the higher MW materials. The storage moduli 
at  room temperature were comparable with or larger 
than for the unmodified resin. 

DISCUSSION 

PBP and the related copolyesters are effective mod- 
ifiers for improving the toughness of the highly 
cross-linked epoxy resins. All polyesters used in this 
study are soluble in the epoxy resin without solvents. 
PBP was most effective among them. The optimum 
composition for the modification was inclusion of 
20 wt % of polyesters in every case (Fig. 1 ) . Fur- 
thermore, the effectiveness of modifiers depends 
largely on polyester MW (Figs. 2 and 3) .  The in- 
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Figure 6 
(B) 20 wt % addition of PBP (MW 16,500). 

FE-SEMs of the cured resins. (A) Control; 

teresting and characteristic results in the modifi- 
cation of epoxies with various kinds of the polyesters 
were as follows. 

The  use of 20 wt % P B P  ( M W  16,300) led to  a 
120% increase in KIc at no expense of its mechan- 
ical and thermal properties, and the modified resin 
had the nanometer-order particulate structure 
[Fig. 6 ( B  ) 1 .  The  fracture enhancement behavior 
in the higher MW PBP-modified resins was sim- 
ilar t o  tha t  in lower MW PBP-modified materials, 
but flexural properties for the former resins de- 
teriorated compared with those for the latter (Ta-  
ble 11, B19 and B02). P B P T  having 50 mol % TP 
unit became white solid materials, and fracture 
enhancement behavior in the P B P T  (50 mol % 
TP unit)  -modified resin was similar to  those in 
the other PBPT-modified materials, but flexural 
properties decreased (Table 11, BTlO, 11, and 06). 
PBPN (50 mol % ND uni t )  were white solid ma- 

terials, and its efficiency as modifiers was similar 
to  P B P T  (50 mol % TP uni t ) ,  but flexural prop- 
erties of the PBPN (50  mol % ND uni t )  -modified 
resins maintained that  of the unmodified resin 
(Table 11, EN14).  

The toughening mechanism can be explained in 
terms of the morphological and dynamic viscoelastic 
behaviors. 

It is well known that the toughening of epoxy 
resins is based on the microphase-separation struc- 
ture of the cured resin in the modification of epoxy 
resins with reactive liquid rubbers' or reactive 
acrylic  elastomer^.*-^ The elastomer particles having 
a diameter of a few microns were dispersed in the 
epoxy matrix in the more effective modification sys- 
tems. The toughening in the modification with elas- 
tomers could be attained by dissipating the fracture 
energy mainly because of two process: the formation 
of shear band of the matrix near the crack based on 
the deformation of the dispersed particles as stress 
concentrators and the following crack blunching, 
and particle elongation and tearing during propa- 
gation of the crack with crack deflection and bifur- 
cation. 

In the modification of epoxies with engineering 
thermoplastics, the most effective results can be ob- 
tained by the cocontinuous phase or phase-inversion 
structures; the toughening of epoxies could be 
achieved by the absorption of the fracture energy 
due to ductile drawing and tearing of the thermo- 
plastic continuous p h a ~ e . ~ , ' ~  We also reported that 
various kinds of thermoplastics were effective mod- 
ifiers and that the toughening of epoxies could be 
attained based on the cocontinuous phase struc- 

PEP and the related copolyesters were effective 
modifiers for highly cross-linked epoxies as reported 
previously,26 and the toughening mechanism was 
discussed in detail. It was thought that the tough- 
ening of epoxies in the modification with PEP  and 
the related copolyesters would be achieved by the 
particulate structure and that three factors would 
act mainly to  improve the brittleness of epoxies: the 
reinforcement of the matrix itself because of incor- 
poration of the polyesters, the high extent of dis- 
persion of fine polyester-rich particles ( < 1  pm di- 
ameter), and the existence of the new relaxations 
a t  ca.40 and 90°C. The toughening mechanism in 
the modification of epoxies with PBP and the related 
copolyesters is thought to be similar to  that in the 
PEP modification systems as follows. 

Poly (ethylene terephthalate) (PET) is an in- 
teresting material as  a modifier for epoxies in 
terms of its mechanical properties but has poor 

tUre.18.20-24 
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Figure 7 Dynamic viscoelastic analysis for unmodified and PBP-modified resins. (-) 
control; (- ~ -) PBP (MW 16,300) 10 wt % addition; (- - -) PBP (MW 16,300) 20 wt  % 
addition. 

miscibility with epoxies. P E P  has a similar struc- 
ture to P E T  and is soluble in the epoxies without 
solvents. Recently, poly (butylene terephthalate ) 

( P B T )  was used as an effective modifier for epox- 
i e ~ . ' ~  PBP has a similar structure to PBT but 
has higher miscibility to epoxies than PBT. The 
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effectiveness of PBP as a toughener was compa- 
rable with that of PEP. In the modification with 
PBP and the related copolyesters, some of the 
modified resins had similar structures to those in 
the P E P  modification, but conventional SEM was 
unsuitable to identify the microstructure of the 
modified resin in some cases. The difference in 
morphology between the PEP- and PBP-modified 
resins can be explained in terms of the solubility 
parameter (SP): the SP values (MJ/m3)"* for 
the epoxy resin, PEP,  and PBP are 21.68, 25.40, 
and 23.96, respectively (by Fedors' method28). The 
SP value indicates that PBP has higher miscibility 
with the epoxy than PEP. Furthermore, dynamic 
viscoelastic analysis indicates that  PBP and the 
related copolyesters would be dissolved into the 
epoxy matrix more than PEP. I t  is thought that  
the larger amount of the incorporated polyesters 
would lead to a greater improvement in the brit- 
tleness of the matrix itself because of the elastic 
properties of PBP. The modification results in- 
dicate that the reinforcement of the epoxy ma- 
trix itself by the incorporated polyesters would 
make a relatively large contribution to the tough- 
ening in the PBP modification than the P E P  mod- 
ification. 

Furthermore, the existence of the a'-relaxation 
near room temperature is one of the most impor- 
tant factors to reduce the brittleness of epoxies 
in the PBP modification system. When using 
P B P  and the related copolyesters, the a'-relax- 
ation peaks based on the modifiers were observed 
in the region of Tg of the aromatic polyesters by 
dynamic viscoelastic analysis. It is reported that 
the presence of the relaxation peak near room 
temperature was effective in improving the 
toughness of the epoxy resin because of the in- 
crease in the plastic deformation zone attributed 
to the increase in temperature a t  the crack 
fr~nt. ' ' .~'  We also reported that several relaxa- 
tions a t  more than 50°C contribute to toughening 
of epoxies in the modification of the DDS-cured 
DGEBA resins with butyl acrylate-glycidyl ac- 
rylate copolymers.6 

The toughening of epoxies in the present 
modification would then be achieved because 
of the above three factors. Among them, the 
contribution of the reinforcement of the matrix 
would be more important, considering miscibility 
of PBP and fracture-enhancement behavior in the 
lower MW PBP modification systems. Such mod- 
ification behaviors are similar to those in the 
DGEBAI acid anhydride /aromatic polyester sys- 
t e m ~ . ~ ~  It is noteworthy that the optimum mor- 

phology, the cocontinuous or inverted phase 
structure, in the modification of epoxies with 
thermoplastics could not be obtained in more 
complicated geometrics such as those found in a 
composite and that the nanometer-order partic- 
ulate structure would be more favorable in such a 
constrained matrix. 

Tgs for the modified resins were equal or slightly 
lower than the parent resin. 

CONCLUSIONS 

PBP and the related copolyesters are effective 
modifiers for improving the toughness of epoxy 
resins. Their effectiveness depended on poly- 
ester structure, MW, and content. The tough- 
ening mechanism in the present modification is 
due to two-phase separation structures as well as 
in the P E P  modification. Their efficiency as mod- 
ifiers is due to  three causes: the reinforcement of 
the matrix itself by the incorporated polyesters, 
the existence of the new relaxations a t  ca.lO"C 
and the broadness of the a-relaxation peak, and 
the high extent of dispersion of fine polyester-rich 
particles. The more suitable compositions for the 
modification of the epoxy resin were inclusion of 
20 w t  5% PBP (MW 16,300), where KIc increased 
120% with no loss of mechanical and thermal 
properties. 

We thank Dr. Atsushi Kikkawa (Yokohama Rubber Co., 
Ltd) for the SEM measurements and Mr. Isamu Itoh 
(Sumitomo Bakelite Technoresearch Co., Ltd) for the FE- 
SEM measurements. 
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