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Mechanical fatigue of epoxy resin 
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In static bending fatigue tests, epoxy resins show practically no fatigue if the stress given to 
specimen is lower than a critical value, which is close to the bending strength of the 
specimen. In cyclic bending fatigue tests, on the other hand, the resins are easily fractured 
even though the stresses are far below the critical values. Some strain may be accumulated 
on the surface of specimen through cyclic deformations. However, the strain accumulated is 
reversible. If the specimen is allowed to rest, the strain disappears. If the strain reaches 
a critical value, an irreversible transition may be induced, probably in the arrangement of 
segments on the surface. A crack nucleus thus created may propagate and cause the final 
fracture of the specimen, following the fracture mechanics of elastic materials. The lifetime 
of epoxy resins under cyclic bending load is determined by the time required for creating 
a crack nucleus on surface. 

1. Introduction 
Despite the extensive investigations which are being 
carried out on the fatigue phenomena of epoxy resin 
composites with various kinds of fibres and other 
ingredients, the fatigue of epoxy resins themselves 
does not appear to have been fully studied. At least in 
cyclic fatigue tests of epoxy resins, fatigue phenomena 
appear to proceed in three different stages: nucleation 
of a crack, its propagation (slow crack growth) and 
final failure of the specimen, just as in other brittle 
materials [1]. The crack growth rate, da/dN, of epoxy 
resins has been well studied and was found to be 
correlated with stress intensity factor range, AK, by 

da 
- A A K "  (1) 

dN 

where AK = Km,~-  Kmin, Kmax and Kmi n being the 
maximum and minimum stress intensity factors, and 
A and n are constants, as in metals and other elastic 
materials. It is reported that the values of n for epoxy 
resins are much higher than the values commonly 
found for metals and other plastics [2-8], being as high 
as 10. [1-3] However, it appears to the present authors 
that the total behaviour of epoxy resins in fatigue 
behaviour has not fully been clarified. In particular, one 
of the most important unsolved problems in the fatigue 
phenomena of epoxy resins may be how fatigue crack 
initiation occurs after a period of repeated loading. 

There are two different forms of mechanical fati- 
gue, static fatigue which denotes the failure during a 
long period of constant loading, and cyclic fatigue 
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which denotes the failure after a period of repeated 
loading. It is empirically known that epoxy resins are 
much more easily fractured under rotary-bending 
loading than under static loading. The difference is 
often explained by assuming that the surfaces of epoxy 
resins might have some fatal defects even if they are 
carefully polished. Then, the probability that a stress is 
focused on a fatal defect would be much higher in 
rotary-bending fatigue tests than in static bending 
fatigue tests. This speculation may be examined if we 
compare static bending fatigue tests with cyclic plane- 
bending fatigue tests for the same samples. 

Moreover, in fatigue, many metals exhibit mechan- 
ical fatigue even if they have no fatal defects on their 
surfaces. Cracks are created on their surfaces due to 
repeated loadings, and it is now well established that 
the fatigue crack initiation is due to near-surface dislo- 
cation slip occurring in metal crystals [4]. No such 
dislocation slip, however, should occur in epoxy resins 
which are not only non-crystalline but also have 
three-dimensional network structures. 

Here, it should be noted that we are interested in the 
mechanical fatigue of epoxy resins, which have three- 
dimensional network structures. In the case of thermo- 
plastics made of uncross-linked polymer molecules, 
their mechanical properties are highly sensitive to 
temperature rise due to energy dissipation during cyc- 
lic loading, and creep may be involved in the fatigue 
process, considering that the fatigue of thermoplastic 
polymer materials is highly molecular weight depen- 
dent over a very wide range of molecular weight [5]. 
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2. Experimental procedure 
2.1. Samples 
The epoxy resin samples used were provided from 
Yuka Shell Epoxy Co. Ltd. They were prepared by 
polymerization of mixtures of diglycidyl ether oligo- 
mars of bis-phenol-A (Epikote E825, E828 and E834) 
[6] and 3 or 4-methyl-l,2,3,6-tetrahydrophthalic an- 
hydride (Epicure DX126) with addition of an acceler- 
ator, 2-ethyl-4-methylimidazole (Epicure EMI24) at 
150 ~ for 4 h in cylindrical test tubes of 15 mm dia- 
meter. The mixtures were evacuated at 100 ~ for 2 h 
to remove dissolved air before polymerization. The 
mixing ratio of the reagents, as well as weight-average 
molecular weights, Mw, and molecular weight distri- 
bution indices, Mw/Mn, of the three oligomers 
(Epikotes) used are listed in Table I. Three oligomer 
samples of bis-phenol-A consist of almost the same 
chemical compositions and are different only in the 
repeating part. Their Mw and Mw/Mn were deter- 
mined by gel permeation chromatography, using 
Model 600 of Waters Associates with a column system 
of G2500 and G3000H of Toso Co. Ltd, and standard 
polystyrenes as reference [6]. Difference in Mw of 
oligomers causes a difference in the degree of cross- 
linking and, consequently, in the number of main 
chains crossing unit cross-section in the samples. Most 
experiments in this work were carried out with sample 
E828. However, it was found that there were consider- 
ably large differences in their mechanical properties 
such as tensile strength between the samples of E828 
prepared recently and several years ago. Quantitative 
comparisons were, therefore, limited within the data 
obtained with the same series of samples. The samples 
E828 prepared several years ago is denoted by E828-o. 

Specimens with desired shapes for fatigue experi- 
ments were prepared by machining the epoxy resin 
rods with a lathe. The shapes and sizes of the speci- 
mens used for various measurements are shown in 
Fig. 1. The length of the centre part, l, in the upper 
figure was different for different purposes. The surface 
of each specimen was finished as smoothly as possible 
with sand papers of JIS 1000 and 1500 by moving the 
papers along the rod axis of the specimens, unless 
otherwise stated. 

Some specimens of E828 were annealed in an oven 
in an argon atmosphere to change the packing state of 
segments. They were heated from 100 ~ to t50 ~ at 
a rate of 10~ -1 and kept at 150~ for 3 h. Half of 
the specimens were removed from the oven and cooled 
in air as usual (sample E828-H2), while the other half 
were gradually cooled from 140~ to 120~ in 

TABLE I Compositions of epoxy resins and molecular weights 
and oligomers 

Reagents E825 E828 E834 

bis-phenol-A 100 100 100 
Methyl tetrahydrophthalic 

anhydride 87 80 60 
Accelerator 1 1 1 
Mw of oligomer 354 388 590 
Mw/M, of oligomer 1.00 1.06 1.23 

- (~O t ' ~  
,~ 'i  E 

(a) Diameter 

9O 

iameter 
(b) mm mm 

Figure 1 Test pieces for fatigue tests: (a) length, l, 40 mm for static 
and rotary bending tests and 18.5 mm for annealed specimens; 
(b) for cyclic plane-bending fatigue tests (stress concentration factor 
0t = 1.28). 

the oven at a rate of 2 ~ per day and then to 100 ~ at 
a rate of 1 ~ per day (sample E828-H1). The condi- 
tions for annealing were determined by taking into 
account the relaxation times of linear polymers in 
volume contraction [7]. The specimens were machin- 
ed before annealing, but the surface finishing with no. 
1500 sand papers was done after annealing. A quantit- 
ative change in the state of segment packing could not 
be detected by experiments in this work, but a clear 
difference was observed on the fracture surfaces of 
annealed and unannealed samples. 

2.2. Measurements 
2.2.  1. Cyclic fatigue 
Rotary bending fatigue tests were carried out using 
a testing machine of Shimadzu Instruments, Ltd. In 
the instrument, specimens were loaded with uniform 
bending moments. The stress, cr, in the specimen may 
be calculated from the weight, P, and the dimensions 
of the specimen such as 

(1/2)P L 
c~ = (1/32) rcd 3 (2) 

where d is the diameter at the centre, and L is the 
length of a moment arm in calculating the bending 
moment. 

Specimens were installed with the help of a thin 
Teflon sheet to avoid fretting corrosion in collets. 
Deviation in the centre of the rotating rods was ad- 
justed to be within 0.05 ram. The rotating specimen 
was covered with a polyvinyl chloride-coated cloth, so 
that the rotary tests could be carried out in an argon 
atmosphere and also at high temperatures. In experi- 
ments at high temperatures, specimens were fully pre- 
heated with steel clamps in a vacuum oven, and, after 
being installed in the test instrument, the surface of the 
specimen was kept at the desired temperature by 
blowing with air of the same temperature. The temper- 
ature on the surface of the specimen was monitored by 
an i.r. radiation thermometer. In most experiments, 
the rotation speeds were chosen to be 300 and 
600 r.p.m, which were low enough not to cause serious 
temperature rise. 

1267 



Cyclic plane-bending fatigue tests were carried out 
at 1800 cycles/min with a Shimadzu Instruments Ltd 
UF-15, with four-point bending loads. 

2.2.2. Static fatigue 
The time-to-failure, (tf), through static loading was 
measured using part  of a rotary-bending fatigue test 
instrument at almost the same experimental condi- 
tions as in rotary-bending fatigue tests. 

2.2.3, Mater ia l  character is t ics  o f  the  
samples 

Tensile and bending strengths and also stress-strain 
relationships were determined with a Shimadzu Uni- 
versal Testing Machine at room temperature. The 
crosshead speed was between 0.1 and 10 m m  m i n -  1 in 
tensile experiments and between 5 and 100 m m  m i n -  1 
in bending experiments. 

Unless otherwise stated, all tests in the present work 
were carried out in air at room temperature. 

2.2.4. Observation of the fracture surface 
Fracture surfaces were observed by a metallurgical 
microscope and a profile projector and also by 
a scanning electron microscopy (Hitachi $570). Thin 
films of gold were evaporated in vacuo on to fracture 
surfaces for electron microscopy. The magnification 
was u.sually 60-600. The depth and other dimensions 
of the slow crack growth area (sometimes called the 
mirror  area) was determined from photographs or on 
the viewing screen of the profile projector. 

3. Results 
3.1. Mate r ia l  charac te r is t i cs  of  the  samples 
Tensile and bending strengths of the samples some- 
what d e p e n d ' o n  strain rate. They increase with 
increasing strain rates. The values obtained at a 
crosshead speed ~ = 1 m m  min-1  in tensile strength 
and at ~ = 5 rnm m i n -  1 in bending strength are listed 
in Table II, for comparison. Meaningful differences in 
both tensile and bending strengths can be found 
among the samples having different degrees of cross- 
linking and also between the annealed and unan- 
nealed samples (sample E828-H1 and -H2). 

The glass transition temperatures, Tg, of samples 
E828-H 1 and E828-H2, as well as those of the original 
three samples, were determined using a DuPon t  9900 
differential scanning calorimeter. The values of Tg 
determined are shown in Table II. 

TABLE II Glass transition temperature, Tg, tensile and bending 
strengths, and the limiting bending stress, cyg, of specimens 

Samples Tg (~ Tensile Bending og(MPa) 
strength (MPa) strength (MPa) 

E825 135 82.7 227 210 
E828 127 82.1 218 180 
E834 127 68.8 183 160 
E828-H1 138 87.7 - - 
E828-H2 128 82.6 
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3.2. Comparison between static and cyclic 
plane-bending fatigue tests 

A relationship between the time-to-failure, ts, and 
stress given to specimens, or, in static bending fatigue 
tests (S-t curve) is given in Fig. 2. There appears to be 
a critical stress, cry, below which the specimen does not 
show any fatigue failure under a static load, though we 
did not extend our observation beyond 1800 h. Al- 
though the critical values are so close to the bending 
strengths of the specimens that it is difficult to deter- 
mine the critical stress exactly, the critical value ap- 
pears to be in the vicinity of 83-95% of the bending 
strength of the specimen. The approximate values of 
~ of three samples, at least, below which specimens 
were not fractured for 1800 h, are shown in Table II. 
The speculation that there would be a critical stress in 
static fatigue may be confirmed by the following fact: 
unbroken rod specimens in static fatigue tests are 
sharply bent if they are taken out of the fatigue test 
instrument before fracture, and continue to keep their 
shape almost indefinitely at room temperature. How- 
ever, it can be observed that bent rods, which have 
kept the shape for months, can return to the original 
straight rods if they are placed in an oven at their glass 
transition temperatures for about  1 h. Thus, it is cer- 
tain that a deformation in shape occurs due to quasi- 
plastic flow if a load is given to an epoxy resin rod, but 
there would be no essential damage in its structure if 
the stress is below its critical value, ~ .  That  is, the 
main chains of network structure are not broken if the 
specimen is not fractured. The critical stress may cor- 
respond to the threshold stress intensity factor, Kth , in 
the crack propagat ion rate versus stress intensity fac- 
tor relationship. No crack growth is observed if the 
stress is below Kth. The conclusion that epoxy resins 
do not show any static fatigue failurd below a critical 
stress, ~ ,  appears to be in agreement with the experi- 
mental results obtained with some kinds of epoxy 
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Figure 2 Comparison between the stress, ~, vesus time-to-failure, ts, 
relationships (S-t curves) in static and cyclic plane-bending fatigue 
tests. Sample E828-o. The surfaces of the specimens were as-machin- 
ed by a lathe. (O) Data in static bending fatigue tests, (| data 
in cyclic plane-bending fatigue tests (1800 cycles /rain). (O,@) 
rotary-bending fatigue test data (300 r.p.m.) in air and in argon, 
respectively, The short arrows show the unfractured specimens 
throughout the present paper. The bending strength is shown by 
a hatched zone at log ty = - 1. 



resins [2], but in disagreement with others. In some 
experiments, which appear to be in contradiction with 
the present data [9], however, the investigators ob- 
served the lifetimes of cracked specimens, whereas our 
observations are made on plane surfaces. 

In contrast to their behaviour in static fatigue, ep- 
oxy resin rods are easily fractured if a cyclic loading is 
given to the specimens, even though the stresses are far 
below their critical values in static fatigue, ~ .  The 
data in cyclic plane-bending fatigue tests for the same 
sample as used in static fatigue tests are plotted in the 
form of an S - t  curve in Fig. 2, for comparison with the 
data in static bending fatigue. It is clear that the 
present samples are much more easily fractured in 
cyclic plane-bending fatigue tests than in static fatigue 
tests. This means that the fatigue failure is not due to 
the defects originally existing on the surface of speci- 
men, but due to defects created on the surface by 
repeated loading. The data in rotary-bending fatigue 
tests for the same sample are also shown for reference 
in Fig. 2. 

3.3. Rotary-bending fat igue 
The data for specimens with different surface rough- 
nesses in rotary-bending fatigue tests are compared in 
the form of stress, or, versus cycles-to-failure, Nr, ( S - N  

curve) in Fig. 3.%lthough the specimens with smooth 
surfaces are more resistant to cyclic deformation than 
the specimens with rough surfaces, all specimens show 
similar fatigue performance, independent of surface 
roughness in cyclic fatigue tests. It is likely that the 
failures of both specimens with smooth and rough 
surfaces were caused by the same mechanism. It is 
understandable that the lifetime in rotary-bending fa- 
tigue tests is affected by surface roughness, even 
though the mechanism is common. Various reasons 
may be conceivable; for example, the effective stresses 
working on rough surfaces are higher than those on 
smooth surfaces. 

The temperature on the surface of the specimen was 
somewhat raised during the rotary-bending fatigue 
tests, and the temperature rise was larger with higher 
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Figure 3 Effects of surface roughness on the stress, ~, versus cycles- 
to-failure, Nf, relationship (S-N curves) and effects of interruption 
on the cycles-to-failure, Nr, in rotary-bending fatigue tests 
(300 r.p.m.). Sample E828, (O) as-machined by a lathe, (O) finished 
with 1000 and 1500 sandpapers. (@) The number of cycles at which 
the rotary-bending fatigue was interrupted; (@) the number of 
cycles after ten repeated interrupted tests. 

rotation speed and also with higher stress. However, it 
was confirmed that the temperature rise was within 
several degrees in the present range of stresses at room 
temperature if the rotation speed was 300 or 600 r.p.m. 
Such a degree of temperature rise would have little 
effect on the fatigue performance of the present sam- 
pies. Some effect was found if the temperature was as 
high as 100 ~C, as shown in Fig. 4. 

The S -N  curves for the samples with different de- 
grees of cross-linking are compared in Fig. 5. There is 
no meaningful difference between them, in contrast to 
the fact that the critical stress in static fatigue, as well 
as the tensile and bending strengths, is dependent of 
the degree ofcross-linking. 

Some specimens of sample E828 were carefully an- 
nealed to improve the state of segment packing 
(sample E828-H1). The lifetimes of the specimens in 
rotary-bending fatigue tests are compared with those 
of the specimens cooled in the usual way (sample 
E828-H2) in Fig. 6. Considering that experimental 
error is rather high in the low-cycle fatigue region, it 
may be concluded that sample E828-H1, which was 
carefully annealed, is more resistant to cyclic deforma- 
tion than sample E828-H2, which was cooled as rap- 
idly as usual. 

Finally, it was also confirmed that the S -N  curves 
in an argon atmosphere were almost identical to those 
in air, showing that the cyclic bending fatigue of epoxy 
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Figure 4 Temperature effects on the S-N curve of E828 specimens 
in rotary-bending fatigue tests (300 r.p.m.), (O) at room temperature 
(19-22 ~ ( + ) at 100 ~ 
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Figure 5 Comparison of the S-N curves of three series of specimens 
in rotary-bending fatigue tests (300 r.p.m). (A) E825, (O) E828, (E]) 
E834. 
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Figure 6 Comparison of the S-N curves of annealed samples 
(E828-H1 and -H2) in rotary-bending fatigue tests (300 r.p.,m.). 
(O, O) Data of E828-H1 and -H2, respectively. 

resins is neither due to oxidation by air nor due to 
hydrolysis with vapour in air. 

3.4. Observat ion  of f racture surfaces and 
fat igue crack in i t ia t ion 

The fracture surfaces in cyclic bending fatigue are 
clearly different from those in static fatigue as well as 
from those fractured by bending tests. An example of 
a scanning electron micrograph of a fracture surface 
created in rotary-bending fatigue tests is shown in 
Fig. 7. Though not always as clear as in Fig. 7, most 
fracture surfaces show three regions for the nucleation 
of a crack, its propagation and the final fracture of the 
specimen. The crack nuclei can be clearly observed on 
the surface. The crack nucleation does not start from 
extended flaws inside the material, but occurs on the 
surface. 

Careful examination of the specimen surface with 
microscopes reveals that even the surfaces finished 
with sandpapers are not, naturally, perfectly smooth 
under the microscopes, but no special defects which 
could be considered to be responsible for the fracture 
of the specimen could be found. The same is true for 
the specimens which were tested for a long time as 
long as they are not fractured. 

To determine when an initial crack nucleus appears, 
rotary-bending fatigue tests were stopped just before 
break-down of the specimens (E828-o), and their ten- 
sile strengths, c~B, were determined. Then, we obtained 
c~B = 95 MPa  after a test of 1700 cycles at a stress of 
79 MPa, at which the specimen is expected to be 
fractured at about 2100 cycles, and ~B -- 87 MPa  after 
a test of 200 cycles at a stress of 89 MPa, at which the 
specimen is expected to be fractured at about 210 
cycles. Those values of cyB are almost equal to the era 
value of virgin specimens (cYB = 89 MPa). Although 
there is a considerably large ambiguity in the expected 
c y c l e s - t o - f r a c t u r e ,  Nf,  it seems certain that no damage 
is caused in the specimens until close to fracture. 

Moreover, rotary-bending fatigue tests of three 
specimens were interrupted when the tests had pro- 
ceeded by 80% of the expected cycles-to-failure, Nf, of 
those specimens. Then, two specimens were allowed to 
rest for one night, one at room temperature and an- 
other at the glass transition temperature. The surface 
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Figure 7 Scanning electron micrograph of a fracture surface in 
rotary-bending fatigue tests. Sample E828. ~y = 62 MPa. Nf = 
4.1 x 103. 

of the third specimen was polished with no. 1500 
sandpaper as at the beginning of the test. After these 
treatments, those specimens were again given the same 
rotary-bending fatigue tests. Furthermore, the same 
treatments were repeated ten times for each specimen. 
The number of cycles at 80% of the expected cycles- 
to-failure, Nf, and also the total number of cycles after 
ten repetitions of the test are shown in Fig. 3, in 
comparison with the ordinary S - N  curve of the speci- 
men. Despite the fact that the total number of cycles of 
ten repeated tests is eight times higher than the aver- 
age lifetime of the specimen, Nf, none of the three 
specimens were fractured. Because it is inconceivable 
that no fatigue is accumulated for the first 80% Nf, it is 
reasonable to assume that the fatigue accumulated for 
the period is reversible so that it may be healed if the 
specimen is allowed to have a rest. It may be con- 
cluded that the nucleation of a fatal crack and its 
propagation would occur just an instant before the 
visible failure of the specimen. In addition, it was 
confirmed under a metallurgical microscope that no 
visible defects were created on the surfaces of those 
specimens before the specimen was fractured. 

3.5. P r o p a g a t i o n  of a crack 
In cyclic bending fatigue tests, a crack nucleus is thus 
created on the surface and the crack propagates, caus- 
ing the final failure of the specimen. The propagation 
rate is already known to follow Equation 1 [1, 2]. It is 
also known from fracture mechanics that the depth of 
the slow crack growth region, b, as denoted in Fig. 7, is 
correlated with the maximum stress, ~ . . . .  such as 

Krc = (Ymax (rob) 1/2F (3) 

w h e r e  K f c  is the critical stress intensity factor in fa- 
tigue [10] and F is the shape factor which can be 
estimated from a table given elsewhere [-11]. In the 
present experiments, the value of F is about 0.70. If 
a fracture toughness can be defined for the present 
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Figure 8 Examples of double logarithmic plots of the maximum 
stress cym, x versus depth of slow crack growth region, b. Sample 
E828-o. Three different symbols denote the data for three groups of 
specimens having different surface roughness. The chain line de- 
notes the slope of - 1/2. 

sample, that is, if K f c  is a constant, a linear relation- 
ship with the slope of - 1 / 2  is expected to hold 
between log CYm,x and log b. 

Fig. 8 shows an example of double logarithmic plots 
of ~ma, and b for a sample. It may be concluded that 
Kfc is constant and its average value is about 
0.93 MPa m 1/2. Moreover, it may be pointed out that 
the critical stress intensity factor Kfc is independent of 
surface roughness, as it should be. The values of b can 
be unambiguously determined in some cases such as 
in Fig. 7, but may include some ambiguities in some 
other cases. However, the ambiguities are not as seri- 
ous as those affecting the present conclusion. Sum- 
marizing the literature and the present experimental 
results, it may be concluded that, in rotary-bending 
fatigue tests of epoxy resins, a fatal crack created as 
a result of repeated deformations propagates follow- 
ing the fracture mechanics of elastic materials and 
causes the final fracture of the specimen if the max- 
imum stress intensity factor reaches a critical value, 
Kc. It is expected that Kfc may be different with 
different samples if they have different tensile 
strengths. However, the expectation could not be con- 
firmed in this work. 

4. Discussion 
It is thus certain that the rotary-bending fatigue pro- 
ceeds b y w a y  of crack nucleation, propagation of the 
crack and final failure of the specimen, in agreement 
with previous work [1]. The time-to-failure, ts, or 
cycles-to-failure, Nf, are mainly determined by the 
time or cycles required for incubation of a crack. This 
also appears to agree with most previous observations 
[1, 2]. Once a crack nucleus is created on the surface, 
the specimen is, practically speaking, instantly frac- 
tured, though it may take some time for propagation 
of the crack. The propagation rate of a crack and the 
final failure of a specimen proceeds following the gen- 
eral theory of fracture mechanics of elastic materials. 
Therefore, an important unsolved problem in rotary- 
bending fatigue of epoxy resins may be in the mecha- 

nism of initial crack nucleation, as discussed in 
Section 1. 

Two kinds of force must be broken for fracture of 
epoxy resin rods to occur. One is the primary covalent 
bond in the main chain, which forms a network struc- 
ture in the material, and the other may be the second- 
ary force such as van der Waals' force and dipole 
interaction working between unbonded segments. Be- 
cause the three samples, E825, E828 and E834, have 
different degrees of cross-linking, that is, different 
numbers of main chains, crossing unit area, it is rea- 
sonable that they have different mechanical strengths 
as well as different critical stresses in static fatigue. 
E825 is the strongest, E828 the second and E834 is the 
weakest. 

However, it can be observed in Fig. 5 that the three 
samples with different degrees of cross-linking show 
little difference in the S - N  curve. That is, the degree of 
cross-linking has little relationship with the lifetime of 
the specimen in rotary-bending fatigue. As discussed 
above, the incubation of a crack consumes most of the 
lifetime of a specimen in rotary-bending fatigue tests, 
and, moreover, no main chains are broken during the 
incubation period. Therefore, it is reasonable that the 
degree of cross-linking has little effect on the lifetime 
in rotary-bending fatigue. 

The factor controlling the lifetime in rotary-bending 
fatigue tests may be the secondary forces working 
between unbonded segments or the state of segment 
packing on the surface. This speculation is supported 
by the experimental results that E828-H1 and -H2 are 
made of the same material but, nevertheless, the for- 
mer is more resistant to cyclic deformation than the 
latter, clearly because the segments on the surface of 
the former are more densely packed than the latter. 
Here, however, it is to be noted that the present 
experimental data do not mean that the lifetime of 
epoxy resins in rotary-bending fatigue tests is not 
affected by the degree of cross-linking, in general. It 
was reported by Murakami et al. [12, 13] that the 
lifetime of epoxy resins in rotary-bending fatigue tests 
increases with increasing degree of cross-linking. The 
present samples were chosen to have different degrees 
of cross-linking but to have little effect on the cohesive 
energies among the segments. 

Because there is a clear correlation between stress 
and cycles-to-failure, it is certain that a kind of fatigue 
or strain is being accumulated until a crack nucleus is 
created on the surface. However, the present data 
show that the fatigue or strain accumulated is revers- 
ible. This is a remarkable difference from the crack 
nuclei on metal surfaces, on which an irreversible 
fatigue is gradually accumulated with number of 
cycles. Although we could not confirm the reversible 
strain by observation, it seems certain that a reversible 
strain may be accumulated in the state of arrangement 
of unbonded segments, but the distorted segment ar- 
rangement can return to the original state due to the 
contractile force of the network structure, if the cyclic 
deformation is stopped. If the reversible strain turns 
into an irreversible defect, it cannot return to the 
original state but would initiate a crack. Such 
a transition seems to be possible in epoxy resins, 
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considering that epoxy resins are in a glassy state and 
have interstitial vacancies or holes inside. Irreversible 
transitions might be induced in such vacancies. 
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