o~

ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT®

Journal of Nuclear Materials 328 (2004) 115-123

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Cyclic cracking behavior of low-alloy pressure
vessel steel in simulated BWR water

X. Wu *, Y. Katada

Corrosion Resistant Design Group, Steel Research Center, National Institute for Materials Science,
1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

Received 3 July 2003; accepted 18 March 2004

Abstract

Fatigue crack initiation and growth behavior of low-alloy pressure vessel steel A533B has been investigated in
simulated BWR water. Two distinguished crack morphologies were observed, closely depending on the cyclic strain
rate. At a high strain rate, fatigue cracks grew in a tortuous manner. Final failure pre-dominantly resulted from the
continuous growth of a single fatigue crack. A rough fracture surface was obtained on which hydrogen-induced
cracking features were dominant. At a low strain rate, however, fatigue cracks developed in an entirely straight manner.
Final failure was usually caused by the joint development of multi-site fatigue cracks. A flat fracture surface was
obtained on which slight crack arrest rather than typical hydrogen-induced cracking feature was found. In addition,
apparent acceleration in fatigue crack growth rate was observed in the temperature and strain-rate regions of dynamic
strain aging (DSA). Related environmentally assisted cracking (EAC) mechanisms are also discussed.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Corrosion fatigue cracking has been shown to be one
of the most significant corrosion-involved phenomena in
light water reactor plants, especially for the pressure
boundary components [1]. Understanding of the related
environmentally assisted cracking (EAC) mechanisms
and prevention of the corrosion-involved cracking in
high-temperature water environments are therefore is-
sues of considerable significance for these safety-related
pressure vessels and piping. Although great number of
data have been piled up to evaluate the fatigue crack
initiation and growth resistance of pressure vessel steels
in high-temperature water environments during past
several decades [2-15], some debates still remain on this
area, especially for the underlying EAC mechanisms
involved. Detailed examination of cracking and fracto-
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graphic features is well known to assist the in-depth
understanding of service failures and the related mech-
anisms in corrosive environments, due to offering rela-
tively direct evidence to disclose material, mechanical
and environmental effects involved. In present work, the
fatigue crack initiation and growth behavior of a low-
alloy pressure vessel steel A533B has been investigated
in simulated BWR water. Main attention was paid to the
cyclic cracking and fractographic features. It is expected
to clarify the relationships between typical cracking/
fractographic features and related mechanisms, and in
turn to advance the understanding of the EAC mecha-
nisms of pressure vessel steels in high-temperature water
environments.

2. Experimental

The A533B rolled plate was used in the present work,
whose chemical compositions, mechanical properties at
room temperature are listed in Table 1. The as-received
material had been austenized at 1173 K for 3 h and
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Table 1

Chemical compositions (wt%) and mechanical properties of A533 B steel used presently
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0.17
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water quenched, then tempered at 933 K for 3 h fol-
lowed by air cooling, and then annealed at 873 K for 25
h to relieve the stress. Inclusions were frequently ob-
served along the rolling direction on the polished sur-
faces (Fig. 1(a)). Energy dispersive X-ray spectrometry
(EDX) indicated that most of the inclusions were MnS
with elongated rod-like morphology from less than 1 pm
to more than 50 pm in length. The as-received micro-
structure is typical upper bainite having well-developed
laths (Fig. 1(b)), in which the precipitated carbides are
mainly M;C with size of about 0.1-1 pm (Fig. 1(c)).

Cylindrical specimens with 8§ mm in gauge diameter
and 16 mm in gauge length were used for low cycle fa-
tigue (LCF) tests. Compact tension type (1TCT) speci-
mens in the L-S orientation of 50 mm width and 25 mm
thickness were employed for fatigue crack growth
(FCG) tests. Pre-cracking was performed in ambient air.
The testing installations were similar to those used in the
previous studies [3,6]. The LCF life, N,s was defined as a
number of cycles at which the peak tensile stress des-
cended to 75% of the level of the maximum peak stress.
The test conditions and simulated BWR water chemistry
are summarized in Table 2.

The fatigue crack morphologies on specimen surfaces
and longitudinal sections were carefully examined using
a scanning electron microscope (SEM) equipped with an
EDX. The surface crack number in specimen gauge
length was counted. Some tested specimens were broken
up in liquid nitrogen and the corresponding fracture
surfaces were observed.

3. Results
3.1. LCF behavior

Fig. 2 shows S—N curves of A533B steel in simulated
BWR water. The LCF resistance of the steel was sus-
ceptible to the strain rate. More remarkable environ-
mental effects appeared at lower strain rates. Fig. 3
shows the strain-rate response of the peak tensile stress
difference Acg,. Here Ao, denotes the gap between the
stabilized peak tensile stress at strain rate of 0.1%s~!
and those at other strain rates. An anomalous strain-rate
response was observed for the Ag,. A maximum Ac,
appeared at a strain rate of approximate 0.01%s™!.
Moreover, such maximum Ac, became more remarkable
with increasing strain range. This indicated that the
dynamic strain aging (DSA) played a certain role in the
corrosion fatigue process of A533B steel in simulated
BWR water.

Fig. 4 shows typical macromorphologies of speci-
mens tested in simulated BWR water. It was found that
surface crack morphologies changed remarkably with
decrease of the strain rate. At relatively high strain rate
(0.1%s71), the fatigue crack grew in a tortuous manner.
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Fig. 1. Inclusion and microstructure morphologies of A533B steel used presently: (a) MnS inclusions, (b) upper bainite and (c)

precipitated carbides.

Table 2
Test conditions and simulated BWR water chemistry
LCF tests FCG tests
Control mode Strain Control mode Load
Wave form Triangle Wave form Sinusoidal
Strain rate 0.001, 0.01, 0.1%s™! Frequency 0.0167 Hz
Strain range 0.6-1.5% Stress ratio 0.1
Temperature 561 K Temperature 448-593 K
Pressure 8.0 MPa Pressure 8.0 MPa
Water chemistry Water chemistry
Dissolved oxygen 0.1 ppm Dissolved oxygen 0.1 ppm
pH 6.2-6.5 pH 6.2-6.5
Conductivity <0.2 pS/cm Conductivity <0.2 pS/ecm

The final failure predominantly resulted from the con-
tinuous growth of a single fatigue crack (Fig. 4(a)). At
low strain rate (0.001%s!), however, the fatigue crack
developed in an entirely straight manner. The final
failure was usually caused by the joint development of
multi-site fatigue cracks (Fig. 4(b)).

Fig. 5(a) shows the relationship between surface
crack density d. and cyclic strain rate. Here d, (mm™2) is
defined as the ratio between the surface crack number N

in gauge length and surface area S, (mm?) in gauge
length of a specimen, i.e., d. = N;/S;. The d, increased
with the decrease of strain rate, which indicated that the
resistance of the steel to fatigue crack initiation in high
temperature water was susceptible to the cyclic strain
rate. The lower the cyclic strain rate, the lower the
resistance to fatigue crack initiation. Fig. 5(b) shows the
dependence of d. on total cyclic tensile time ¢, (h), which
is defined as the product of the rise time # (h) in a
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Fig. 2. S—N curves for A533B steel in simulated BWR water.
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Fig. 3. Strain-rate response for the peak tensile stress differ-
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Fig. 4. Macroscopic surface morphologies of specimens after
LCF (0.8% strain range) in simulated BWR water at strain rate
of (a) 0.1%s~" and (b) 0.001%s"".

loading cycle and total cycle number N,s i.e.,
t, = t, X Nos The fatigue crack initiation resistance in
simulated BWR water was also associated with the
cyclic tensile time. The d, and ¢, approximately obeyed a
power-law relationship

de =dy+ kg - 17, (1)

where dy and k4 were fitting coefficients with values of
0.01313 mm~2 and 0.1133 mm2h=3,

Fig. 6 shows typical fatigue crack morphologies on
the longitudinal sections. Similarly, a tortuous cracking
feature was observed for the case of high strain rate (Fig.
6(a)), while relatively straight inward cracks (both main
and secondary) were found for the case of low strain rate
(Fig. 6(b) and (c)). Fig. 7 shows typical fracture surface
morphologies. At high strain rate, a quite rough fracture
surface was obtained (Fig. 7(a)), on which typical

In 561 K water (b)
B As=1.5%
® Ag=0.8%

—— d.=0.01313+0.1113¢"°

1 1 1 1 1 1

0 20 40 60 80 100 120 140
Total cyclic tensile time ¢, h

Fig. 5. Relationships between surface crack density in gauge length and cyclic strain rate (a) and total cyclic tensile time (b) in

simulated BWR water.
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Fig. 6. Typical crack morphologies on longitudinal sections of specimens after LCF (0.8% strain range) in simulated BWR water at

different strain rates (arrows: loading direction): (a) 0.1%s~"

hydrogen-induced cracking features, such as quasi-
cleavage patterns and terraced morphology (Fig. 7(c)),
were dominant. At low strain rate, however, a flat
fracture surface was obtained (Fig. 7(b)), on which slight
crack-arrest rather than typical hydrogen-induced
cracking feature was found (Fig. 7(d)).

3.2. FCG behavior

Fig. 8 shows the effects of testing temperature on
FCG rates obtained at several AK values for A533B steel
in simulated BWR water. A peak for the FCG rate
appeared in the temperature range of 473 to 561 K,
which was also typical temperature region for the
occurrence of DSA for low-alloy pressure vessel steels
[16,17]. This indicated that the FCG rate was enhanced
in the DSA temperature region. Brittle-like striations
and facets were observed dominantly on the corre-
sponding fracture surfaces (Fig. 9(a)). More typically
brittle striated areas were always associated with the
MnS inclusions (Fig. 9(b)). Apparent acceleration in the
FCG rate has also been reported in the DSA region for
low-alloy pressure vessel steels in some previous work. A
typical example is shown in Fig. 10, which was replotted
from the results of Lee and Kim [14]. An enhanced

, main crack, (b) 0.001%s~!, main crack, (c) 0.001%s~', secondary cracks.

strain-rate dependence appeared at the loading fre-
quency of 0.05 Hz for AS08 Cl1.3 steel in high tempera-
ture water and the corresponding crack-tip strain rate
was in the range of 5x 1072 to 1.2x 10 '%s~!, which was
different from the remarkable DSA strain rate
(approximate 1072%s~! from Fig. 3) for A533B steel,
but was also typical strain-rate region for DSA occur-
rence for A5S08 Cl.3 steel [18]. Such a discrepancy in
DSA strain-rate range was believed to be due to the
different chemical compositions between the two steels.
In addition, the authors also observed distinct hydro-
gen-induced cracking features on the corresponding fa-
tigue fracture surfaces of A508 Cl.3 steel [14]. The above
results suggested that both DSA and hydrogen embrit-
tlement were surely involved in the corrosion fatigue
process of pressure vessel steels in high temperature
water, and their combined actions may significantly
aggravate the EAC.

4. Discussion
Much work has been done so far to explain the EAC

behavior of materials in high-temperature aqueous
environments, mainly consisting of corrosion fatigue
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Fig. 7. Fracture surface morphologies at different strain rates
(1.0% strain range, arrows: crack growth direction): (a)
0.1%s~", (b) 0.001%s~", (c) high-magnification morphology of
(a), (d) high-magnification morphology of (b).
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Fig. 8. Effects of temperature on FCG rate of AS533B steel in
high temperature water.

tests and stress corrosion cracking (SCC) tests [2-16,19—
24]. Two basic mechanisms, i.e., hydrogen-induced
cracking model and film-rupture/slip-dissolution model,
have been generally proposed and accepted. For the
former, it was suggested that hydrogen embrittlement
facilitated the mechanical separation at the crack tip,
which was primarily based on much typically fracto-

Fig. 9. Typical FCG fracture features of A533B steel in 523 K
water, AK = 45 MPam!/?, arrows: crack growth direction: (a)
brittle-like striations and facets, (b) area near an inclusion.

R=0.5, 561 K water, DO: 8 ppm
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Fig. 10. Dependence of FCG rate of A508 steel on crack-tip
strain rate in high temperature water [14].

graphic evidence, such as quasi-cleavage facets or fan-
like features extending from sulfide inclusions, terraced
morphology produced by linkage of hydrogen-induced
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cracks at sulfide/matrix interfaces ahead of the main
crack, zig-zag cracking path accompanied by sub-cracks
and macrocrack branching, and so on [2,14,16,24]. For
the latter, it was believed that anodic dissolution of the
bare metal at the crack tip controlled the crack propa-
gation, which was mainly supported by several theoret-
ical prediction models [19-22] and some directly or
indirectly associated cracking features, such as surface
cracks always showing straight feature and growing as
entirely tensile cracks normal to the stress axis
throughout the fatigue life, no typical hydrogen-induced
cracking morphology on the fracture surfaces, crack
arrest along the growth direction, and so on [9,10,25].
Two distinguished cracking morphologies were ob-
served in the present study and were closely dependent
on the cyclic strain rate. At relatively high cyclic strain
rate (0.1%s™"), typical hydrogen-induced cracking fea-
tures such as tortuous cracks, quasi-cleavage patterns
and terraced appearance (Figs. 4(a), 6(a) and 7(c)), were
observed frequently. At low strain rate (0.001%s7!),
however, several cracking features such as entire mode |

MnS inclusion

CCORTERR
"

¢
3
%

(TO0m

©s

crack growth behavior and slight crack-arrest
(Figs. 4(b), 6(b), (c¢) and 7(d)), seemed to support the
slip-dissolution mechanism. Moreover, it was found that
the surface crack density d. decreased with the increase
of cyclic strain rate (Fig. 5(a)) and approximately
showed a power-law relationship with the total cyclic
tensile time # (Fig. 5(b)). If fatigue crack depth was
surely proportional to their surface length, final fatigue
failure undoubtedly resulted from the integrated con-
tribution of the above surface cracks (especially surface
long cracks) to the critical failure crack length a.. If a.
was assumed to be proportional to 4, i.e.,

a; x d.. (2)
Eq. (1) can be approximately rewritten as
ac. = ay + ka . Z?'S, (3)

where constant a, can be regarded as the contribution
of pre-existed defects or microcracks to final fatigue
failure. Eq. (3) indicates a diffusion-controlled crack

loading
direction

|

At or near crack tip (DO occluded):

@ anodic reaction: M =M™ +ne”

@ hydrolysis reaction: M ™ +pH,0 — M(OH)"™" +pH"*
@ MnS dissolution: MnS +4H,0 — Mn* + SO} +8H* + 8¢~
@ local cathodic reaction: H* +e~ = H, =~ H .

At or near crack mouth (bulk DO):

@ local cathodic reaction: pO, + 2pH,0 +4pe” — 4pOH ~

Along crack depth direction (mass transfer):
® outward mass transfer from crack tip: H*, M(OH):""’)’
@ inward mass transfer from crack mouth: O,, OH~

® reactions: H* +OH™ = H,0

2M(OH)™™ +q0, +2(n - p)e” — 2M(0) , +pH,0
945

Electrochemistry processes in whole crack system keep balance.

@ strain ratef (increased)=>crack open time?=®@¥=>DO along crack wall¥
=sreaction area for ®¥=>0W¥ and @ relatively=>hydrogen-induced cracking

@ strain ratev(decreased)=>crack open time=®@P=>DO along crack wallp
= reaction area for ® =04 and @V relatively=>hydrogen-induced cracking¥
or =>@P=>oxidesP =@V =hydrogen-induced crackingV

® MnS inclusionsP=>@P=>® =>hydrogen-induced cracking

Fig. 11. Schematic illustration of strain-rate dependent EAC mechanism for pressure vessel steels in high temperature water.
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propagation process, which is to some extent consistent
with a slip-dissolution controlled process. A similar
relationship derived from Ford’s slip-dissolution model
[19] also appeared in Maiya’s phenomenological model
for quantitatively describing strain rate, environment
and alloy microstructure on the SCC susceptibility [21].
This, at least partly, indicated that the slip-dissolution
mechanism played a role in the corrosion fatigue process
of the pressure vessel steel in high temperature water.

The present results also suggested that the dominant
EAC mechanism for the A533B steel in simulated BWR
water changed with decrease of the cyclic strain rate.
Fig. 11 outlines a strain-rate dependent EAC mechanism
for the pressure vessel steels in high-temperature water
environments. It is believed that the cyclic strain rate
mainly influences the mass transfer processes (©-® in
Fig. 11) and local electrochemistry reactions (D-® in
Fig. 11) in the crack system, and in turn affects the
dominant EAC mechanism.

Special attention should be paid to the effects of
MnS inclusions and DSA in the above EAC process,
especially in the hydrogen-induced cracking process. As
shown in Fig. 11, the dissolution of MnS inclusions
exposed to high temperature water changes the local
water chemistry in the crack-tip area, in turn accelerates
the electrochemical processes in the crack system and
enhances local water acidification at or near the crack
tip. This may promote the local hydrogen reduction
reaction. Furthermore, the matrix/MnS inclusions
interfaces ahead of the crack tip are well known as
strong traps for hydrogen. So, the MnS inclusions at or
near the crack tips may promote the formation and
accumulation of active hydrogen. As a result, typical
hydrogen-induced cracking features were frequently
observed around or near the MnS inclusions (Figs. 7(c)
and 9(b)). Both the present results (Figs. 3, 8 and 10)
and previous data [3,14,16] showed that the suscepti-
bility of pressure vessel steels to the EAC in high
temperature water was closely associated with the DSA
behavior of the steels. The role of DSA, especially the
combined actions between DSA and hydrogen embrit-
tlement, in enhancing EAC therefore cannot be ne-
glected. Recent studies [26,27] also indicated that a
synergism between DSA and hydrogen embrittlement
existed in high temperature environments and may
promote the EAC. Similar synergism is thus believed to
play an important role in the present corrosion fatigue
processes, especially for the case of high cyclic or crack-
tip strain rate.

5. Conclusions
(1) The cyclic cracking morphologies of A533B steel

in simulated BWR water were closely dependent on the
strain rate. At a high strain rate, fatigue cracks grew in a

tortuous manner and a rough fracture surface was ob-
tained on which hydrogen-induced cracking features
were dominant. At a low strain rate, however, fatigue
cracks developed in an entirely straight manner and a
relatively flat fracture surface was obtained on which
slight crack arrest rather than typical hydrogen-induced
cracking feature was observed.

(2) The above cracking features in simulated BWR
water should be attributed to a change in dominant
EAC mechanism from hydrogen-induced cracking
mechanism to slip-dissolution mechanism with decrease
of the cyclic strain rate.

(3) Both DSA and hydrogen embrittlement were
found to be involved in the corrosion fatigue process of
low-alloy pressure vessel steels in high temperature wa-
ter and their combined actions may aggravate the EAC.

(4) A strain-rate dependent EAC mechanism was
proposed, in which the strain rate was believed to mainly
influence the mass transfer and local electrochemistry
processes in the crack system, and MnS inclusions and
DSA also played an important role, especially in the
hydrogen-induced cracking process.
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