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The corrosion fatigue crack growth behavior of A533 and A508 low alloy steels under simulated boiling
water reactor (BWR) coolant conditions was studied. Corrosion fatigue crack growth rates of A533B3 and
A508 cl. 3 steels were significantly affected by the steel sulfur content, loading frequency and dissolved
oxygen content of water environments. The data points outside the bound of Eason’s model could be
attributed to the low frequency, higher steel sulfur content and high dissolved oxygen in water environ-
ments. The sulfur dissolved in the water environment from the higher-sulfur steels was sufficiently con-
centrated to acidify the crack tip chemistry even in the hydrogen water chemistry (HWC). Therefore,
nitrogenated or HWC water showed little or no beneficiary effect on the high-sulfur steels. For the steel
specimens of the same sulfur level, their corrosion fatigue crack growth rates were comparable in differ-
ent orientations, which could be related to the exposure of fresh sulfides to the water environment. The
percentages of sulfides per unit area, by quantitative metallography, were comparable for the steel spec-
imens of both orientations. When the steel sulfur content was decreased to a critical sulfur content
0.005 wt.%, the crack growth rates decreased remarkably.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Low carbon and low alloy steels, SA533 and SA508, are most
commonly used for nuclear reactor pressure vessels (RPV) whose
integrity governs the safety of nuclear power plants. Fatigue is
one of the main degradation mechanisms affecting the pressure
vessel integrity of pressurized water reactors (PWRs) and boiling
water reactors (BWRs) [1-6]. The fatigue crack growth rates of
RPV materials in simulated light water reactor (LWR) coolant
environments are influenced by sulfur content, sulfide morphol-
ogy [7-11] and orientation, water chemistry, loading frequency
separately and synergistically [9,10,12-18]. The sulfur content
has been reported to enhance the corrosion fatigue crack growth
rates of low alloy steels [19]. However, little work has been done
to study the threshold of sulfur content on the corrosion fatigue
crack growth rates of RPV steels. Although the vessel steels of
most of new nuclear reactors contain 0.008 wt.% sulfur or less,
older vessels generally have higher levels of sulfur [20,21].
Hydrogen water chemistry (HWC) proves to be a powerful
method for mitigating environmentally-assisted cracking (EAC)
in stainless steel and nickel-base alloy components. Ritter and
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Seifert [22] demonstrated HWC resulted in a significant drop in
low-frequency corrosion fatigue crack growth rates by at least
one order of magnitude with respect to normal water chemistry
(NWC) conditions for pressure vessel steels with sulfur content
lower than 0.02 wt.%. It is of practical and academic interest to
study the effect of HWC on the mitigation of corrosion fatigue
cracking for low alloy steels with higher sulfur contents. The
hypothesis that has been widely accepted to account for the crack
propagation in the carbon and low alloy steels in LWR water sys-
tems is the slip-oxidation mechanism [23]. This mechanism re-
lates crack advance to the oxidation rate that occurs at the
crack tip. In order to better predict the crack growth rates of
low alloy steels, the interaction between the oxide films and sul-
fur ion dissolved from steels in the oxygenated or HWC water
environments should be clarified.

In this study, the corrosion fatigue crack growth tests were per-
formed on A533B3 and A508 cl. 3 low alloy steels under simulated
BWR coolant conditions. To investigate the sulfur content on the
fatigue crack growth behavior of low alloy steels, A533B3 and
A508 cl. 3 steel specimens with four and two sulfur content levels
were prepared, respectively. Corrosion fatigue tests were con-
ducted in different water chemistries including air saturated, deox-
ygenated by nitrogen and hydrogen. The fracture features of
fatigued specimens were studied with optical stereography and
scanning electron microscopy (SEM).
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Table 1
Chemical compositions of A533B3 steels.

Desig- Composition (wt.%)

DatlONge Si Mn P s Ni Mo Al N Fe

#1 0.207 022 1.28 <0.02 0.006 0.6 052 0.015 0.005 Bal
Y1 019 022 1.22 0.015 0.008 0.60 0.49 0.035 0.005 Bal.
Y2 019 022 127 0.015 0.016 0.60 049 0.035 0.005 Bal.
Y3 021 023 125 0.015 0.027 0.60 049 0.035 0.005 Bal.

Solution treated at 900 °C for 1.5 h, then quenched and tempered at 670 °C for 1 h.

Table 2
Mechanical properties of A533B3 steels.
Designation Temperature Ultimate Yield Total Uniform
(°C) tensile strength elongation elongation
strength  (MPa) (%) (%)
(MPa)
#1 25 722 650 29.5 10.2
300 751 600 30.2 11.0
Y1 25 711 625 303 10.5
300 692 510 31.1 13.2
Y2 25 686 600 30.6 103
300 680 516 30.1 121
Y3 25 722 630 28.6 10.1
300 722 550 31.2 13.2

Table 3
Chemical compositions of A508 cl. 3 steels.

Desig- Composition (wt.%)

nation g Mp P s Ni Mo V o Fe
F1 016 021 135 0005 0005 076 057 0014 013 Bal
F2 015 022 136 0005 0015 082 052 0013 015 Bal

2. Experimental procedures
2.1. Materials and specimens

A533B3 steel plates with four sulfur content levels ranging from
0.006 wt.% (weight percent) to 0.027 wt.% were manufactured

Table 4
Mechanical properties of A508 cl. 3 steels.
Designation Temperature Ultimate Yield Total Uniform
(°C) tensile strength elongation elongation
strength  (MPa) (%) (%)
(MPa)
F1 25 703 588 23.7 8.8
300 670 525 16.2 7.5
F2 25 728 590 222 10.2
300 684 559 18.2 9.3

Table 5
Test conditions of high-temperature water environments.

Test parameters Air-saturated Deoxygenated HWC

(with filtered air) (with nitrogen)

Pressure, MPa 10 10 10
Temperature, °C 300 300 300
Conductivity (inlet), uScm~' 0.8 0.08 0.065
Conductivity (outlet), uSecm="' 1.2 0.16 0.072
Hydrogen (inlet), N.A. N.A. 48 ppb
Hydrogen (outlet), N.A. N.A. 39 ppb
Oxygen (inlet) 7.4 ppm 1-10 ppb 1-10 ppb
Oxygen (outlet) 6.7 ppm 1-10 ppb 1-10 ppb
ECP (SHE) 0.2 volt —0.55 volt —0.6 volt
pH (inlet) 5.95 6.88 6.58

pH (outlet) 6.17 6.74 6.76
Autoclave exchange rate 1 time/h 1 time/h 1 time/h

according to the specifications of ASTM A533. The materials were
rolled from a thickness of 150 mm to 30 mm and solution treated
at 900 °C for 1.5 h, then quenched and tempered at 670 °C for 1.5 h.
A508 class 3 (hereafter abbreviated as A508) forged steels with sul-
fur content levels of 0.005 wt.% and 0.015 wt.% were manufactured
by the specifications of ASTM A508. Their chemical compositions
and mechanical properties are given in Tables 1-4, respectively.

2.2. Fatigue crack growth rate tests
According to the ASTM E 647 specifications, compact-tension

type (CT) specimens with a thickness of 12.5 mm and a width of
50 mm were machined. Before fatigue testing, all specimens were

(b)

Fig. 1. Metallographs of A533B3 steels with different sulfur contents, (a) 0.008 wt.%, (b) 0.016 wt.%, (c) 0.027 wt.%. (The arrows indicate the sulfides.)
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Fig. 3. Sulfur content effects on the corrosion fatigue crack growth rates of A533B3 steels with different oxygen contents in water at a loading frequency of 0.02 Hz (a) 7-

8 ppm oxygen and (b) <10 ppb oxygen.

lightly polished with emery paper to #600. The specimens were pre-
cracked by cyclic loading with decreasing AK (stress intensity factor
range), at a load ratio (R, Ppin/Pmax) 0f 0.1, till a pre-cracked length of
3 mm and AK of 10 MPa \/m were reached. In order to have valid
test results, the specimen was designed to be predominantly elastic
for the applied AK values less than 50 MPa \/m as per the size
requirements of the ASTM E647. The corrosion fatigue tests were
conducted on a closed-loop, servo-electric machine with a water
circulation loop under constant load amplitude control with a sinu-
soidal wave form and at the frequencies of 0.02 and 0.001 Hz,
respectively. The constant load amplitude was set at an R ratio
(Loadmin/Loadmax) of 0.2 by an inner load cell control, which de-
ducted the friction force between the pulling rod and the sealing
material. The external load cell measurements including the friction
force were also monitored for a comparison with the ones taken by
the inner load cell. The electrochemical corrosion potential (ECP)
was measured with Ag/AgCl/0.1 M KCl reference electrode. The con-
ditions of the water environment are summarized in Table 5. The
crack length was measured by an alternative current potential drop
(ACPD) technique. The final fatigue crack length measurement was
further calibrated against the average value of five measurements
taken along the crack front on the fracture surface by a microscope
at a magnification of 20 according to ASTM E 647.

2.3. Metallographic and fractographic examinations

To reveal the MnS morphology and carbide/nitride precipitate
distribution of the low alloy steels, the as-received specimens were
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Fig. 4. Sulfur content effects on the corrosion fatigue crack growth rates of A533B3
steels in an oxygen saturated water environment at a loading frequency of 0.001 Hz.

polished following a standard metallographic practice, then etched
in a 5 vol.% Nital solution (5 vol.% nitric acid and 95 vol.% ethanol)
for about 20 s and examined with optical microscopy. After corro-
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Fig. 5. A comparison of fatigue crack growth rates for A533B3 steels tested in high temperature deoxygenated and air-saturated water environments, (a) steel sulfur content

0.008 wt.%, (b) steel sulfur content 0.016 wt.%, and (c) steel sulfur content 0.027 wt.%.

sion fatigue tests, the oxide layers on the fracture surfaces were
descaled with an electrolyte [16] of 2 g hexamethylene tetramine
in 1000 cm® of 1N HCI and further investigated with scanning
electron microscopy.

3. Results and discussion
3.1. Metallographic examination

The metallographs of A533B3 and A508 steels with different
sulfur contents are shown in Figs. 1 and 2, respectively. The sulfide
laths identified by energy dispersive spectroscopy (EDS) were ob-
served to be oriented in the rolling direction for A533B3 steels
but A508 steels showed relatively shorter sulfides. Little or no sul-

fides were observed for both steels with the lowest sulfur contents.
Tempered martensite was prevalent in both of the steels.

3.2. Effects of sulfur content on fatigue crack growth rate of low alloy
steels

The fatigue crack growth rates of A533B3 steels with three sul-
fur content levels in water environments at 300 °C are shown in
Fig. 3. In the air-saturated water environment, Fig. 3a, there is no
significant difference between the fatigue crack growth rates for
the steels with different sulfur contents at a loading frequency of
0.02 Hz. But in the deoxygenated water environment, the lower
corrosion fatigue crack growth rate was observed for the steels
with lower sulfur contents. For the steel with 0.016 wt.% sulfur,
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Fig. 6. A comparison of fatigue crack growth rates for A533B3 steels tested in high-
temperature water environments deoxygenated by nitrogen and hydrogen,
respectively.

the corrosion fatigue crack growth rate increased significantly
when the stress intensity factor range was larger than 38 MPa /m,
as shown in Fig. 3b. Fig. 4 presents the results of A533B3 steel
tested in an air-saturated water environment at a loading fre-
quency of 0.001 Hz. The data outside the bounds of the ASME XI
wet curves are not conservative. It was noted that the fatigue crack
growth rates were almost the same for the steels of medium
(0.016 wt.% sulfur) and high sulfur content (0.027 wt.% sulfur),
but that those with low sulfur content showed the lowest crack
growth rate. From the above results, it can be concluded that the
high sulfur in low alloy steels or the high dissolved oxygen in the
water coolant or their synergistic effects would degrade the
corrosion fatigue resistance of low alloy steels. Therefore, it is
essential to secure the integrity of pressure vessel by reducing
the steel sulfur content during the steel manufacturing and by
decreasing oxygen content in the reactor coolant, for instance, by
HWC.

3.3. Water chemistry effects on fatigue crack growth rate

Fig. 5 makes a comparison of fatigue crack growth rates for
A533B3 steels with three sulfur levels tested in deoxygenated
and air-saturated water environments. It is clear that an increase
in oxygen level accelerates crack growth in the steel specimens
with sulfur contents up to 0.016 wt.%. For the steel with
0.027 wt.% sulfur, the opposite is true. Their corrosion fatigue crack
growth rates are faster in the water environment with near zero

porous oxide film —— bulk

coolant

fresh surface
crack mouth

4— s0f ete.

crack tip

reduction idati £ reduction
of H'and H:0  petal of 02
(a)
dense oxide film bl
coolant

fresh surface
crack mouth

4 sS0f ete.

crack tip

reduction
of O 2

reduction

of H*and Ha0 oxidation of

metal

Fig. 8. A schematic illustration of different oxide films in BWR coolant environment
with (a) porous oxide film formed in oxygenated water environments and (b) dense
oxide film formed in deoxygenated water environment.

dissolved oxygen concentration than with 7-8 ppm dissolved oxy-
gen concentration, as shown in Fig. 5c. Fig. 6 shows a comparison
of fatigue crack growth rates for high-sulfur steels tested in the
high-temperature water environments deoxygenated by nitrogen
and hydrogen, respectively. The fatigue crack growth rate is in
good agreement with each other. Both curves show a surged crack
growth rate phenomenon, similar to Fig. 5b. In Fig. 5b, for the steel
specimens with 0.016 wt.% sulfur content, the fatigue crack growth
rate in deoxygenated water environment surged to the same levels
as those tested in saturated water environment when the concen-
tration of sulfate ion reached a critical concentration in the crack
tip. A surge of the fatigue crack growth rate occurred, when the ap-
plied AK reached a value of ~35MPa,/m. Correspondently, a
pseudo boundary was identified on the fracture surface of the
specimen, as shown in Fig. 7a. The boundary was further examined
by SEM at higher magnifications to consist of a band of micro-
cracks, which is a unique feature not observed in other regions,
as shown in Figs. 7b and c. There were some inclusions imbedded
in the microcracks. The inclusions containing sulfides were identi-
fied by EDS. The surged fatigue crack growth rate and a pseudo
boundary were also observed with the 0.027 wt.% sulfur specimens

Fig. 7. A pseudo boundary observed on the fracture surface of the steel specimen with sulfur content 0.016 wt.% tested at a loading frequency of 0.02 Hz in deoxygenated
water environment, (a) fractographic feature by optical stereography, (b) a band of microcracks boxed up in (a) examined by SEM, (c) microcracks boxed up in (b) at a higher

magnification.
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Fig. 9. Frequency effects on corrosion fatigue crack growth rates for A533B3 steels tested in high-temperature, air-saturated water environments: (a) steel sulfur content

0.008 wt.%, (b) steel sulfur content 0.016 wt.%, and (c) steel sulfur content 0.027 wt.%.

in the deoxygenated water environment, as indicated in Fig. 6. The
probabilities of finding a surged fatigue crack growth rate were
strongly related to the specimen sulfur levels. The greater the sul-
fur level, the greater the probability to find a surged growth rate. It
implies the sulfides dissolved in the coolant environment around
the crack tip may speed up the crack growth rate when sulfur
ion reached a critical quantity. A previous study [24] showed that
the dense oxide film, Fe;04, was formed when low alloy steel spec-
imens were tested in the deoxygenated water environments at
300 °C. The corrosion products in a 10 MPa water environment
with saturated air at the test temperatures 300 °C were identified
to be a porous mixture of Hematite (o-Fe,03) and Maghemite (-
Fe,03). The porous oxide layer allows the coolant water access to
the fresh metal beneath it and provides less protection than the
dense one does. As a result, there was a relatively larger proportion
of fresh metal on the specimens with the porous oxide layers than
those with dense ones, as illustrated in Fig. 8. A hypothesis is pro-
posed to elucidate the observation under the assumptions that sul-

fate ions have higher affinity to fresh metal than to the oxide layer
and that the quantities of sulfate dissolved from specimens in air
saturated and deoxygenated water environments are comparable.
The sulfate ion in the coolant will transport to the fresh surface
around the crack tip and the fresh metal beneath the porous oxide
layer. In relative terms, there was less fresh metal surface of the
specimen exposed to the deoxygenated water coolant than to the
air-saturated one. The concentration of sulfate ion in the coolant
in front of the crack tip of the specimens with dense oxide layer
would be relatively larger than that with porous oxide layer. The
attack of sulfate ion on the crack tip of the specimens tested in
deoxygenated water environment would be more aggressive than
those tested in air-saturated water environment when sulfate ions
reached a critical concentration. The sulfur dissolved in the high-
temperature water environment from the high-sulfur steels was
sufficient to acidify the crack tip chemistry. Therefore, the deoxy-
genated water environment showed little or no beneficial effect
for the high-sulfur steels. To mitigate the environmentally-assisted
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Fig. 10. Environmental effects on time-based crack growth rates for A533B3 steels tested in high-temperature, air-saturated water environments: (a) steel sulfur content
0.008 wt.%, (b) steel sulfur content 0.016 wt.%, and (c) steel sulfur content 0.027 wt.%.

cracking of low alloy steels, the factor of sulfate ion in the coolant
should be taken into account.

3.4. Frequency effects on fatigue crack growth rate

Fig. 9 illustrates the frequency effects on the fatigue crack
growth rate of A533 steels in the air-saturated water environment.
The lower the frequency, the higher the fatigue crack growth rate
was observed for all the three steel specimens with different sulfur
levels. It means that the corrosion fatigue resistance of A533 steels
was significantly affected by the loading frequency in the air-satu-
rated water environment. In the GE-model [23], the corrosion fati-
gue (CF) crack growth through anodic dissolution is controlled by
the crack-tip strain rate and the sulfur anion activity/pH in the

crack tip electrolyte that govern the oxide film rupture and the dis-
solution/repassivation behavior after the film rupture event. From
Fig. 9, the data points not bounded by the Eason’s model [25] were
attributed to the factors of the low frequency and higher sulfur
content as well as high dissolved oxygen in the water coolant.
The crack growth rates are replotted in a time basis, instead of cy-
cle, against their counterparts in air, Fig. 10, to exemplify the envi-
ronmental effect. The crack growth rates in air are derived from
Eason’s model,

da/dt = (7.87 x 1078 /Tr) « [AK/(2.88 — R)]*",

where da/dt is in mm s~!, Tr is the period of rising load in seconds
and AK is in MPa \/m. The crack growth rate data for the steel with
a sulfur level of 0.008 wt.% were bounded within the Eason’s model.
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Fig. 11. SEM fractographs for A533B3 steel with sulfur content 0.016 wt.% tested in high-temperature water environments (a) 0.001 Hz, air-saturated (b) 0.02 Hz, air-

saturated, (c) 0.001 Hz, deoxygenated.
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Fig. 12. Orientation on the fatigue crack growth rate of A533 steel with sulfur
content 0.016 wt.% under a loading frequency of 0.02 Hz.

The loading frequency of 0.001 Hz along with high sulfur content
steels (higher than 0.016 wt.%) led to more aggressive environmen-
tal effects. The data outside of Eason’s model could be accounted for
by the synergistic effect of high dissolved oxygen coolant, high sul-
fur content in steels, and low loading frequency. In Eason’s model,
the BWR dissolved oxygen level is below 0.4 ppm.

Distinct fracture features were revealed by SEM for the fatigue
specimens tested in the high-temperature water environments at
different frequencies. The fracture features were apparently re-
lated to the oxidation behavior. For the tests at a loading fre-
quency of 0.001 Hz in the air-saturated water environment, the
specimen did not reveal any fatigue striation pattern, as shown
in Fig. 11a. The striations could have been corroded for a long

stay in an air-saturated water environment. In the same air-satu-
rated water environment but at a loading frequency of 0.02 Hz,
the striations remained clear, illustrated in Fig. 11b. In the same
way, the striations were also manifested in the deoxygenated
water environment at a loading frequency of 0.001 Hz, as shown
in Fig. 11c.

3.5. Effects of orientation on fatigue crack growth rate

The sulfides in A533B3 steels were oriented in the rolling direc-
tion. Previous results showed that inclusions had a deleterious ef-
fect on the smooth fatigue steel specimens [2,3]. SEM fractographs
of the fatigued specimens indicated that the fatigue crack initiated
at inclusion sites. From the previous study [26,27], the fatigue
crack growth rate shows no dependence on the sulfur contents of
A533B3 steels in air, but it is related to the specimen orientation.
For the specimens with 0.016 wt.% and 0.027 wt.% sulfur tested
in air at room temperature and 300 °C, the fatigue crack growth
rates were faster with the crack propagation direction parallel to
the rolling direction than those with the crack direction perpendic-
ular to the specimen orientation. But in the high-temperature
water environment, the corrosion fatigue crack growth rates were
comparable for both orientations at the loading frequencies of
0.02 Hz, as shown in Fig. 12. That could be accounted for by the
theory that corrosion fatigue crack growth rates were related to
the exposure of fresh sulfide [28]. The percentage of sulfides per
unit area measured by quantitative metallography was 0.012%
and 0.010% for T-L and L-T orientations, respectively. So they
showed the comparable crack growth rates for the steel specimens
in both orientations. That means environment played a more
important role than material orientation in terms of the corrosion
fatigue crack growth rate.

3.6. Manufacturing processes on corrosion fatigue crack growth rate

Fig. 13 compares the corrosion fatigue crack growth rates of
A533 and A508 steels. The results for the two steel specimens with
~0.015 wt.% sulfur tested at both loading frequencies of 0.001 Hz
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Fig. 13. A comparison of corrosion fatigue crack growth rates for A533 and A508 steels with the medium sulfur content levels under different loading frequencies, (a)

0.001 Hz, (b) 0.02 Hz.
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Fig. 14. A comparison of corrosion fatigue crack growth rate for A533 and A508 steels with low sulfur content levels, (a) 0.001 Hz, and (b) 0.02 Hz.

and 0.02 Hz are in a good agreement, as indicated in Figs. 13a and
b, because their sulfur content levels are comparable.

A508 steel shows lower corrosion fatigue crack growth rates
relative to A533 steels because A508 has a relatively lower sulfur
content, even though the difference is quite small, as shown in
Fig. 14. The difference of corrosion fatigue crack growth rates be-
tween A508 steel with 0.005 wt.% sulfur and A533 steel with
0.008 wt.% and 0.006 wt.% sulfur is apparent from the fatigue crack
length against cycles curve, as shown in Fig. 15. So from the
perspective of corrosion fatigue resistance, the sulfur content, not
manufacturing process, is a concern. Atkinson [28] reported
that A533B cl. 1 steel with 0.006 wt.% sulfur showed a lower
fatigue crack growth rate than those with a sulfur content level
0.015 wt.%. Van Der Sluys [29,30] and Eason [25] also demon-
strated little or no environmental effect on the fatigue crack
growth rate of SA533 steels when their sulfur content was

decreased to 0.004 wt.% and 0.005 wt.%, respectively. In this study,
the steel specimens with low sulfur contents 0.005 wt.%,
0.006 wt.% and 0.008 wt.% were prepared and tested in the coolant
environment. The results show that the 0.005 wt.% sulfur content
could be a critical level, below that, no environmental assisted
cracking was observed.

4. Conclusions

(1) Corrosion fatigue crack growth rates of A533B3 and A508
steels were significantly affected by the steel sulfur content,
loading frequency and oxygen content in the high-tempera-
ture water environment. The data points outside the bound
of Eason’s model could be attributed to the low frequency,
higher sulfur content and high dissolved oxygen water
coolant.
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Fig. 15. Sulfur content effect on the corrosion fatigue crack rate for A533 and A508 steels with low sulfur contents, (a) 0.001 Hz, (b) 0.02 Hz.

(2) The sulfur dissolved in the water environment from the
higher-sulfur steels was sufficiently concentrated to acidify
the crack tip chemistry even in the HWC water. Therefore,
nitrogenated or HWC water did not show any beneficiary
effect on the high-sulfur steels.

(3) The corrosion fatigue crack growth rates for the steels with
different orientations were comparable, which could be
related to the exposure of fresh sulfide. The percentage of
sulfides per unit area was measured to be equivalent for
the steel specimens of both orientations.

(4) In the range of the studied parameters, the corrosion fatigue
crack growth rates decreased remarkably when the steel sul-
fur content was decreased to a critical level of 0.005 wt.%.
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