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Safe operation and management in nuclear power plants
require a full understanding of in-service components
materials properties. Corrosion fatigue is one of the
most significant corrosion-involved failures in light wa-
ter reactor (LWR) plants, especially for their pressure
boundary components [1]. It has been proved that the
fatigue resistance of pressure vessel steels in simulated
LWR coolant environments is greatly influenced by the
mechanical, environmental and material factors, among
which the strain rate, dissolved oxygen concentration
(DO) in water and sulfur content in steels are of typical
importance [2–9]. In most of previous studies the me-
chanical and environmental factors were usually fixed
constantly throughout an individual fatigue test. Nev-
ertheless, the above factors may vary frequently dur-
ing actual operations in power plants. It is therefore
necessary to investigate the influence of variation of
these factors on fatigue resistance of pressure vessel
steels in service environments and to develop appro-
priate methods for evaluating environmentally assisted
fatigue damage.

The present work is to investigate the low cycle fa-
tigue (LCF) behavior of A533B pressure vessel steel
in a simulated boiling water reactor (BWR) environ-
ment. Main attention was paid on the influence of strain
rate change on corrosion fatigue resistance and cyclic
cracking behavior. The strain-rate dependent corrosion
fatigue mechanisms are also discussed.

Hot-rolled ASTM A533B low-alloy steel plate was
used in the present study. The chemical composition
(wt%) was 0.17 C, 0.25 Si, 1.39 Mn, 0.003 P, 0.013 S,
0.59 Ni, 0.004 Cr, 0.46 Mo, 0.007 Co, 0.026 Al, <0.005
Cu, <0.003 V and balance Fe. The as-received mi-
crostructure was upper bainite. Round-bar specimens
with 8 mm in gauge diameter and 16 mm in gauge
length were machined along the rolling direction. The
experimental installation was similar to that used pre-
viously [2]. LCF tests were conducted with fully re-
versed triangular waveform in a simulated BWR wa-
ter as follows: 561 K temperature, 8.0 MPa pressure,
100 ppb DO, 6.2–6.5 pH and <0.2 µS/cm conductiv-
ity. Fatigue life Nf was defined as a number of cycles at
which the peak tensile stress descended to 75% of the
level of the maximum peak stress. Strain rate change
tests, including the tests from a high strain rate to a
low strain rate (HTL) and from a low strain rate to a
high strain rate (LTH) as shown in Fig. 1, were per-
formed. After tests, the crack morphologies on speci-
men surfaces were examined using a scanning electron

microscope. The number of surface long cracks (more
than 500 µm in length) was counted using an optical
microscope.

Fig. 2 shows the dependence of fatigue life on ap-
plied strain range in simulated BWR water. Decreasing
the strain rate remarkably decreased the LCF life of
A533B steel. Changing the strain rate in an individual
test, i.e., both HTL and LTH, decreased the total fa-
tigue life compared to the case at constantly high strain
rate (0.1% s−1). The decrease in fatigue life closely de-
pended on initial cycle fraction and alternate sequence

Figure 1 The strain waveforms used in: (a) HTL and (b) LTH tests.

Figure 2 The dependence of fatigue life on applied strain range for
A533B steel in simulated BWR water.
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Figure 3 The influence of initial cycle fraction and alternate sequence
of strain rate on following fatigue life. Here N is the number of initial
cycles at a fixed strain rate, Nf is the fatigue life at this constant strain
rate. Fatigue life fraction denotes the ratio between the following cycle
number at another strain rate and the fatigue life at that constant strain
rate.

of strain rate as indicated in Fig. 3. The larger the initial
cycle fraction at low (0.001% s−1) or high strain rate
(0.1% s−1), the smaller the fatigue life at following high
(0.1% s−1) or low strain rate (0.001% s−1). The LTH
tests showed more significant influence on fatigue life
than the HTL tests.

Figure 4 The morphologies of main cracks on specimen surfaces, arrows: the loading direction. (a) 0.1% s−1, (b) 0.001% s−1, (c) HTL test,
N/Nf = 0.53 and (d) LTH test, N/Nf = 0.53.

Figure 5 The relationship between surface long-crack density and initial
cycle fraction. Here N and Nf are the same as those in Fig. 3.

Fig. 4 shows typical morphologies of main cracks
on specimen surfaces after LCF tests in simulated
BWR water. The strain rate change obviously influ-
enced the surface crack morphologies. At high strain
rate (0.1% s−1), the main crack showed a saw-toothed
or tortuous morphology and tended to grow inclined
to the loading direction (Fig. 4a). At low strain rate
(0.001% s−1), the main crack showed an entirely
straight morphology and grew completely normal to
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Figure 6 The fracture surface morphologies at strain rate of: (a) 0.1% s−1 and (b) 0.001% s−1, white arrows: the crack growth direction.

the loading direction (Fig. 4b). A transitional cracking
morphology appeared on the surfaces of specimens for
both HTL and LTH tests (Fig. 4c and d).

Fig. 5 shows the relationship between surface long-
crack density and initial cycle fraction at different strain
rates. For the LTH tests, the long-crack density in-
creased with increase of the initial cycle fraction at low
strain rate. For the HTL tests, however, the long-crack
density decreased with increase of the initial cycle frac-
tion at high strain rate. This suggested that the initial
cycles at low strain rate are more effective to initiate fa-
tigue cracks at specimen surfaces in high temperature
water than those at high strain rate.

Fig. 6 shows typical fracture surface morphologies
obtained at different strain rates in simulated BWR
water. In these cases the tested specimens were bro-
ken up in the liquid nitrogen and the fracture surfaces
were examined. Despite being covered by oxides, dis-
tinct quasi-cleavage patterns were observed on the frac-
ture surfaces for the case of high strain rate (Fig. 6a),
while wave-like crack growth (i.e., alternate advance
and arrest) was observed for the case of low strain rate
(Fig. 6b).

Two distinguished cracking morphologies were ob-
served in the present study and showed an intimate
dependence on the strain rate. This strain-rate depen-
dent cracking behavior may be attributed to a change
in dominant corrosion fatigue mechanism. Up to now
two basic mechanisms, i.e., hydrogen-induced cracking
model and film-rupture/slip-dissolution model, have
been generally proposed and accepted for interpret-
ing corrosion fatigue behavior of pressure vessel steels
in high temperature water. For the case of high strain
rate, saw-toothed or tortuous fatigue cracks (Fig. 4a)
were dominant and quasi-cleavage patterns (Fig. 6a)
were observed on the fracture surfaces. These cracking
features suggested that the hydrogen-induced crack-
ing dominated the corrosion fatigue process, agree-
ing with the previous studies [9–12]. For the case of
low strain rate, however, entirely straight fatigue cracks
(Fig. 4b) appeared dominantly and wave-like crack
growth was observed on the fracture surfaces (Fig. 6b).
These cracking features were to some extent in agree-
ment with the film-rupture/slip-dissolution model, co-

inciding with the suggestions of Chopra et al. [5, 13]
and Scully [14]. As for the HTL and LTH tests, it
was believed that a similar change in corrosion fatigue
mechanism also took place corresponding to the strain
rate change during the tests. The transitional cracking
morphology (Fig. 4b and c) partially proved the above
inference.

The change in surface long-crack density (Fig. 5) can
also be rationalized by the strain-rate dependent cor-
rosion fatigue mechanism mentioned above. At high
strain rate, hydrogen-induced cracking dominated the
corrosion fatigue process. Fatigue cracks preferably ini-
tiated at a few susceptible sites on the specimen surfaces
such as the deep pits caused by the dissolution of MnS
inclusions, the crevices between the inclusions and sur-
rounded matrix, and so on [6, 9–12]. The surface crack
density may be small due to relatively limited suscep-
tible sites on the specimen surfaces available for the
crack initiation. At low strain rate, film-rupture/slip-
dissolution-induced cracking dominated the corrosion
fatigue process. There was almost no limitation on
crack initiation sites on the specimen surfaces. The sur-
face crack density, thus, increased remarkably in com-
parison with that at high strain rate.

To sum up, the strain rate change significantly influ-
enced the corrosion fatigue behavior of A533B pres-
sure vessel steel in simulated BWR water. The initial
cycle fraction and alternate sequence of strain rate in
an individual test had important influence on the fa-
tigue life. Distinguished crack and fracture morpholo-
gies were obtained at different strain rates. The above
strain-rate dependent corrosion fatigue behavior may
be rationalized by a change in dominant corrosion fa-
tigue mechanism.
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