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Abstract

The mitigation effect of hydrogen water chemistry (HWC) on the low-frequency corrosion fatigue crack growth beha-
viour of low-alloy steels was investigated under those critical boiling water reactor (BWR) system conditions, where fast
corrosion fatigue crack growth significantly above the ASME XI ‘wet’ reference fatigue crack growth curves was observed
under normal water chemistry conditions (NWC). The experiments were performed under simulated BWR conditions at
temperatures of 250, 274 or 288 �C. Modern high-temperature water loops, on-line crack growth monitoring (DCPD) and
fractographical analysis by scanning electron microscope were used to quantify the cracking response. HWC resulted in a
significant drop of low-frequency corrosion fatigue crack growth rates by at least one order of magnitude with respect to
NWC conditions and is therefore a promising and powerful mitigation method.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Both, the accumulated operating experience of
low-alloy steel (LAS) primary pressure-boundary
components and the experimental/theoretical labo-
ratory background knowledge have basically con-
firmed the adequacy and conservative character of
the ASME XI ‘wet’ reference fatigue crack growth
rate (CGR) curves under most boiling water reactor
(BWR)/normal water chemistry (NWC) operating
conditions [1–4]. Nevertheless several unfavourable
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critical combinations of material, loading and envi-
ronmental parameters, which can lead to acceler-
ated corrosion fatigue (CF) crack growth with
CGRs well above the ASME XI ‘wet’ reference
fatigue CGR curves, have been identified in recent
research projects at Paul Scherrer Institute (PSI)
[2,5]. Hydrogen water chemistry (HWC) with or
without noble metal chemical addition (NMCA) is
a powerful method to mitigate environmentally-
assisted cracking (EAC) in stainless steel and
nickel-base alloy components. In both technologies
hydrogen is injected into the feedwater to increase
the resistance of reactor components to EAC by
shifting the electrochemical corrosion potential
(ECP) of the components to more negative values.
.
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Table 1
Comparison of BWR/NWC and BWR/HWC (NMCA = noble metal chemical addition)

NWC (�pure water) HWC (H2(>1 ppm) injection into feedwater) HWC/NMCA (H2(<0.4 ppm) + noble
metal (Pt/Rh) injection into feedwater)

Environment High ECP/redox potential Low ECP/redox potential Low ECP/redox potential
‘Negative

aspects’
Increased susceptibility to
EAC

Increase in shutdown radiation fields,
increase in main steam line radiation levels,
high amount of H2

(Increase in shutdown
radiation fields), interaction
of the noble metal with the fuel (?)

‘Positive
aspects’

Reduced susceptibility to EAC Reduced susceptibility to EAC,
less H2 necessary

Application �45% of the BWR plants
worldwide (ca. 40 BWR
plants)

�55% of the BWR plants worldwide (ca. 20 BWR plants HWC,
ca. 30 BWR plants HWC/NMCA)
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In Table 1 HWC is briefly compared with NWC and
some of the basic advantages and disadvantages are
shown. A growing number of BWR plants (ca. 55%
of the BWR plants worldwide) are using these tech-
nologies. Although the mitigation effect of HWC
has been mainly investigated with stainless steels
and nickel-base alloys so far [6,7], a very beneficial
effect is also expected for LASs. Therefore a
research project was started at PSI (RIKORR-II)
[8] to evaluate the mitigation effect of HWC on
the crack growth behaviour of low-alloy reactor
pressure vessel (RPV) steels and to get a reliable
quantitative EAC CGR database for flaw tolerance
evaluations and assessments of safety margins. The
present paper summarizes some of the major results
of these preliminary investigations.

2. Materials and experimental procedure

2.1. Materials and specimens

Several different types of low-alloy, nuclear grade
RPV steels were investigated (see Table 2). Concern-
ing the EAC behaviour, the steels mainly differ in
their susceptibility to dynamic strain ageing
(DSA), sulphur content/MnS morphology and yield
stress.

All RPV steels were quenched and tempered.
Some materials were post-weld heat-treated or
stress relieved. The alloys had a granular, bainitic
(alloy A, C, D, E) or a mixed bainitic/ferritic-pearl-
itic structure (alloy B) with an average former
austenitic grain size of 10–20 lm. The spatial distri-
bution and morphology of the MnS inclusions was
fairly homogeneous and similar in alloys A–D
covering the range from small, spherical to large
(up to a few 100 lm), elongated inclusions. Alloy
E revealed distinct banded sulphur segregation
zones with large clusters of MnS inclusions.
Twenty-five millimeters thick compact tension
specimens (1T-C(T)) according to ASTM E399 were
used for all experiments. The specimens were manu-
factured from the forged ingots or hot-rolled steel
plates mainly in T–L or L–T orientation. The
specimens were pre-cracked by fatigue in air at room
temperature, using a load ratio R of 0.1. The maxi-
mal KI at the final load step was 615 MPa m1/2.

2.2. Experimental procedure

The EAC tests were performed in 10 l stainless
steel autoclaves with integrated electromechanical
loading systems, which were attached to sophisti-
cated refreshing high-temperature water loops
(see Fig. 1). During the experiments all important
mechanical (load, pull rod stroke) and environmen-
tal parameters at inlet and outlet (dissolved oxygen
(DO), dissolved hydrogen (DH), conductivity j,
temperature, pressure, flow) were recorded continu-
ously. The ECP of the specimens and the redox
potential (platinum probe) were continuously mon-
itored by use of an external Ag/AgCl/0.01 M KCl
or Cu/Cu2O/ZrO2-membrane reference electrode.
Ionic impurities of the water (inlet and outlet) were
analyzed by inductive coupled plasma-atomic emis-
sion spectroscopy (ICP-AES) and ion chromatogra-
phy (IC) about four times each test. Usually, two air
fatigue pre-cracked 1T-C(T) specimens were simul-
taneously tested in a ‘daisy chain’. Before applying
the different loading sequences, the specimens were
pre-oxidized in the test environment at a small con-
stant pre-load for one week. The crack advance was
monitored using the reversed direct current poten-
tial drop (DCPD) method with a resolution limit
of about 2–5 lm. After the tests all specimens were
broken open at liquid nitrogen temperature for
fractographical analysis in the scanning electron
microscope.



T
ab

le
2

O
ve

rv
ie

w
o

n
in

ve
st

ig
at

ed
lo

w
-a

ll
o

y
R

P
V

st
ee

ls
(W

Q
=

w
at

er
q

u
en

ch
ed

,
F

C
=

fu
rn

ac
e

co
o

le
d

,
A

C
=

ai
r

co
o

le
d

,S
R

=
st

re
ss

re
li

ef
h

ea
t-

tr
ea

tm
en

t,
D

S
A

=
d

yn
am

ic
st

ra
in

ag
ei

n
g:

+
+

+
:

h
ig

h
,

+
+

:
m

ed
iu

m
,

+
:

lo
w

D
S

A
su

sc
ep

ti
b

il
it

y)

M
at

er
ia

l
S

(w
t%

)
A

l
(w

t%
)

N
fr

ee
(p

p
m

)
H

ea
t

tr
ea

tm
en

t
M

ic
ro

st
ru

ct
u

re
R

28
8�

C
P

[M
P

a]
D

S
A

20
M

n
M

o
N

i
5

5
(�

S
A

50
8

C
l.

3)
A

0.
00

4
0.

01
3

30
91

0–
92

0
�C

/6
h

/W
Q

64
0–

65
0

�C
/9

.5
h

/F
C

B
ai

n
it

ic
41

8
+

+
+

S
A

50
8

C
l.

2
(�

22
N

iM
o

C
r

3
7)

B
0.

00
4

0.
01

5
2

90
0

�C
/

8
h

/W
Q

60
0

�C
/9

h
/A

C
B

ai
n

it
ic

/
fe

rr
it

ic
-p

ea
rl

it
ic

39
6

+
+

+

S
A

53
3

B
C

l.
1

(�
20

M
n

M
o

N
i

5
5)

C
0.

01
8

0.
03

0
<

1
91

5
�C

/1
2

h
/A

C
/8

60
�C

/1
2

h
/W

Q
66

0
�C

/1
2

h
/F

C
/6

10
�C

/4
0

h
/F

C
55

0
�C

/1
2

h
/F

C
/5

50
�C

/1
2

h
/F

C

B
ai

n
it

ic
41

2
+

+

22
N

iM
o

C
r

3
7

(�
S

A
50

8
C

l.
2)

D
0.

00
7

0.
01

8
3

89
0–

90
0

�C
/7

h
/W

Q
64

0–
65

0
�C

/1
7

h
/A

C
+

S
R

B
ai

n
it

ic
40

0
+

20
M

n
M

o
N

i
5

5
(�

S
A

50
8

C
l.

3)
E

0.
01

5
(0

.0
03

–0
.0

53
)

0.
02

9
?

90
0

�C
/9

h
/W

Q
/6

50
�C

/3
4

h
/A

C
66

0
�C

/1
4

h
/A

C
/5

50
�C

/4
7

h
60

0
�C

/8
h

/A
C

B
ai

n
it

ic
43

9
+

+

172 S. Ritter, H.P. Seifert / Journal of Nuclear Materials 360 (2007) 170–176
The cyclic loading in the CF tests was performed
under load control. Constant load amplitude load-
ing with a positive saw tooth waveform (slow load-
ing, fast unloading) was applied. The rise time DtR,
load ratio R and load level were varied over a very
broad range. In most cases the KI,max values were
below the ASTM E647 limit for linear elastic
conditions.

BWR conditions were mostly simulated with
high-purity (inlet/outlet conductivity j of <0.06/
< 0.1 lS/cm), hydrogenated (HWC) or oxygenated
(NWC) water at a temperature of 274 or 288 �C.
For HWC conditions, a DH content of 0.15 ppm
was usually applied. For NWC conditions a
DO content of 0.4 or 8 ppm was used. The water
chemistry conditions and resulting ECP and
redox potential for a temperature of 288 �C are sum-
marized in Table 3. The increased DO value of
8 ppm (ECP = + 150 mVSHE, redox potential = +
290 mVSHE) was applied additionally to either simu-
late plant transients (e.g., start-up) and locations
with oxygen enrichment (e.g., piping with stagnant
steam non-degassed condensate) or to achieve a
realistic ECP of +150 mVSHE for a surface crack
penetrating the stainless steel cladding on the RPV
wall/nozzles. These conditions may appear to be
overly aggressive/conservative for many other LAS
BWR pressure boundary components (e.g., feed-
water piping or piping with flowing steam). To
simulate transient BWR power operating condi-
tions, additional tests at a temperature of 250 �C
were performed as well as sulphate or chloride were
added to the high-purity water in some experiments.
All tests were performed under low-flow conditions
(4–5 autoclave exchanges per hour) with a local flow
rate of some few mm/s to generate conservative data
with respect to most plant locations with turbulent
high-flow conditions.

3. Results and discussion

3.1. Corrosion fatigue crack growth under

BWR/NWC conditions

The adequacy and conservative character of the
current ASME XI ‘wet’ reference fatigue crack
growth curves under BWR/NWC conditions have
been evaluated over a wide range of environmental
(T, ECP/DO, SO2�

4 , Cl�), loading (m, DK, R) and
material (S, MnS, microstructure) parameter combi-
nations at PSI and have been discussed in detail in
a recent conference paper [2]. The observed CF
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Fig. 1. Schematic of a high-temperature water loop with autoclave and electro-mechanical tensile machine.

Table 3
Simulated BWR/NWC and BWR/HWC conditions (DO = dis-
solved oxygen content, DH = dissolved hydrogen content,
ECP = electrochemical corrosion potential)

DO
(ppm)

DH
(ppm)

ECP
(mVSHE)

Redox
(mVSHE)

NWC 0.40 0.00 +40 to +60 +250
8.00 0.00 +130 to +170 +290

HWC 0.00 0.15 �550 to �620 �530

10-5 10-4 10-3 10-2 10-1 100 101 102

10-2

10-1

100

101

102

0 mV
SHE

-500 mV
SHE

< 0.005 ppm O
2

0.2 ppm O
2

0.4 or 8 ppm O
2

ASME XI "Air"

ASME XI "Wet"

T = 288 °C, R = 0.7 - 0.8, ΔK = 14 - 22 MPa·m1/2

20 MnMoNi 5 5 (0.015 wt.% S, E), 
SA 533 B Cl.1 (0.018 wt.% S, C), SA 533 B Cl.1 (0.025 wt.% S) 

Δ
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  [

μm
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le

]
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+50 to +200 mV
SHE

Fig. 2. Effect of DO/ECP and loading frequency on Da/DNCF

and comparison to corresponding ASME XI reference fatigue
CGRs for the specified loading conditions. Data at < 0.005 ppm
DO are taken from Atkinson et al. [9].
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crack growth behaviour is exemplarily shown in
Figs. 2 and 3. The current ASME XI ‘wet’ reference
fatigue CGR curves conservatively covered the CF
CGR lab data under most simulated BWR/NWC
conditions and parameter combinations, and were
usually only exceeded under some very specific
BWR plant conditions. In particular under highly
oxidizing BWR/NWC conditions (+50 6 ECP 6
+200 mVSHE, 0.4–8 ppm DO), the current ASME
XI ‘wet’ reference fatigue CGR curves could be
significantly exceeded for all investigated materials in
the temperature range between 150 and 288 �C
by cyclic fatigue loading at low frequencies
m 6 10�2 Hz and DK > 5 MPa m1/2 or at 10�2 Hz <
m < 10 Hz and high R P 0.9/small DK 6

5 MPa m1/2 (ripple loading). Fast CF crack growth
could be sustained down to very low frequencies of
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3 · 10�6 Hz (see Fig. 2) and DK values P2 MPa m1/2

(see Fig. 3). Under moderately oxidizing BWR/
NWC conditions (ECP = �100 to 0 mVSHE, 0.05–
0.2 ppm DO), at DK > 5 MPa m1/2 the curves
were usually only exceeded in a relatively narrow
frequency range of 10�4–10�2 Hz (see Fig. 2) [2].

3.2. Corrosion fatigue crack growth under
BWR/HWC conditions

The mitigation effect of HWC on CF crack
growth was investigated under those critical combi-
nations of material, loading and environmental
parameters, which lead to fast CF with CGR well
above the ASME XI ‘wet’ reference fatigue CGR
curves under NWC conditions (see Section 3.1).

CF tests at PSI with NWC (0.4 or 8 ppm
DO)! HWC (0.15 ppm DH)! NWC-transients
always revealed a significant drop of the CF CGR
(by a factor of 10–50) under low-frequency fatigue
loading conditions (60.01 Hz) a few hours after
adding hydrogen and changing to low potential
conditions (<�200 mVSHE). A few 10 hours after
returning to oxidizing NWC conditions, the CF
CGR again reached the same range of (accelerated)
‘high-sulphur’ CF CGR as before the HWC-tran-
sient. This is exemplarily shown in Fig. 4. At very
low loading frequencies, the CF CGR remained
on the low HWC level after returning back to
NWC conditions and the accelerated ‘high-sulphur’
CF CGR could only be re-established after a tempo-
rary increase of loading frequency.
In Fig. 5, the PSI results at different loading
conditions are compared to similar investigations
of Andresen and Young [10] including noble metal
coated specimens [11] and to the predictions of the
GE-model [12]. By changing from oxygenated (or
stoichiometric excess of oxygen in case of NMCA)
to hydrogenated (or stoichiometric excess of hydro-
gen in case of NMCA) water chemistry conditions,
the CF CGRs always dropped from the ‘PSI
NWC CF regression curve’, which is close to the
‘high-sulphur’ CF curve, down to the ‘low-sulphur’
CF CGRs of the GE-model. HWC/NMCA resulted
in a significant reduction of CF CGRs by a factor
of 10–50 under the tested low-frequency loading
conditions, where ASME XI ‘wet’ reference fatigue
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CGRs were significantly exceeded under NWC con-
ditions (see Fig. 6). On the other hand, no or only a
very moderate reduction of CF CGRs by HWC is
expected above a loading frequency of 10�2–
10�1 Hz (see Figs. 2 and 5), since ‘high-sulphur’
crack-tip environment conditions may also prevail
in this frequency range in deoxygenated high-tem-
perature water (by the exposure and dissolution of
new fresh MnS-inclusions by the fast growing crack
and the relatively slow transport of the sulphides
out of the crack by diffusion).
In Fig. 6 the stationary low-frequency (5 · 10�4–
4 · 10�2 Hz) cyclic CF CGRs Da/DNCF during
NWC and HWC/NMCA phases are compared to
the ASME XI reference fatigue crack growth
curves. Under these conditions, Da/DNCF signifi-
cantly exceeded the ASME XI ‘wet’ reference
fatigue CGR curve under NWC conditions, but
dropped well below this curve under HWC condi-
tions. Thus HWC or HWC/NMCA seem to be very
promising methods to reduce low-frequency CF
CGRs.

4. Summary and conclusions

The mitigation effect of BWR/HWC on the low-
frequency CF crack growth behaviour of low-alloy
RPV steels was investigated. The special emphasis
was placed to those critical parameter combinations,
which revealed accelerated CF crack growth well
above the ASME XI ‘wet’ reference fatigue crack
growth curves under NWC conditions in previous
studies. For this reason, the CF crack growth
behaviour of different RPV steels in oxygenated
(NWC) or hydrogenated (HWC) high-temperature
water was characterized by cyclic load tests with
pre-cracked fracture mechanics specimens. The
application of HWC always resulted in a significant
reduction of low-frequency CF CGRs by at least one
order of magnitude with respect to NWC conditions.
A few hours after changing from oxidizing NWC to
reducing HWC conditions, the CGRs dropped
below the corresponding disposition curves. HWC
is therefore a promising and powerful mitigation
method for EAC in LAS under those critical param-
eter combinations.

It is recommended to further verify these promis-
ing results by tests in the ECP range from �500 to
�200 mVSHE and at different hydrogen to oxygen
concentration ratios including experiments with
noble metal coated specimens to cover the whole
BWR/HWC or HWC/NMCA operation range.
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