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敏化之304型不銹鋼在模擬沸水式反應器環境中的
疲勞裂縫成長行為

陳彥羽*1、施漢章1、王立華2、翁榮洲2、賴玄金2

Fatigue Crack Growth Behavior of Sensitized Type 304 Stainless 
Steel in Simulated Boiling Water Reactor Environments

Y. Y. Chen*1, H. C. Shih1, L. H. Wang2, J. C. Oung2, H. C. Lai2

摘  要

　　本論文使用破壞力學標準緊緻拉伸試片，研究電化學電位再活化值為30 C/cm2的敏化304

型不銹鋼，在288 oC之模擬沸水式反應器環境中的疲勞裂縫生長速率行為。試驗以週期式或

梯形負荷條件來進行。試驗環境為含有200 ppb溶氧的正常水化學或含有10 ppb溶氧與160 ppb

溶氫的加氫水化學之純水。結果發現：敏化之304不銹鋼在高溫水中的電化學腐蝕電位與溶氧

及溶氫量有密切的關係。然而，不論負荷形式為週期式或梯形，加氫水化學均無法減緩裂縫

成長速率。實驗量測到的裂縫成長速率均無法被ASME法規第十一節之附錄C的參考曲線所涵

蓋，而所有數據卻均可被JSME之裂縫估算法規所規範。最後，結果亦顯示阿岡諾國家實驗室

對於不銹鋼在高溫純水中的裂縫成長速率之預測模型的準確性高於奇異公司所發展之預測模

型。

關鍵詞：腐蝕疲勞；304型不銹鋼；沸水式反應器；裂縫成長速率；加氫水化學。

ABSTRACT
     The fatigue crack growth rate (FCGR) behaviors of sensitized Type 304 stainless steel (304 SS) 

with an electrochemical potentiokinetic reactivation (EPR) value of 30 C/cm2 was investigated using 
fracture mechanics-type standard compact tension (CT) specimens in simulated boiling water reactor 
(BWR) environments at 288oC. Tests were performed under either cyclic or trapezoidal loading 
conditions. Test environments were pure water either with 200 ppb dissolved oxygen (DO) under 
normal water chemistry (NWC) conditions or with 10 ppb DO plus 160 ppb dissolved hydrogen (DH) 
under hydrogen water chemistry (HWC) conditions. The electrochemical corrosion potential (ECP) 
of sensitized 304 SS in high-temperature pure water was found to be closely related to the amounts 
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of DO and DH. However, it was observed that whether the loading waveform was cyclic or trapezoidal, the CGRs could 
not be reduced by HWC conditions. None of the current CGR data was encompassed by the reference curves of the ASME 
Code Section XI, Appendix C (ASME-XI, Appendix C), whereas all of the current data could be bounded by the JSME flaw 
evaluation code (JSME S NA1-2000). Finally, the examination of the accuracy of the superposition principles indicated that 
the Argonne National Laboratory (ANL)-model was higher than that developed by the General Electric (GE)-model.

Keywords:  Corrosion fatigue; Type 304 stainless steel; Boiling water reactor; Crack growth rate; Hydrogen water 

chemistry.

1. Introduction

Since the 1970s, a number of studies have 
shown that for the structural materials used in 
nuclear power plant, such as carbon steels (CSs), 
low-alloy steels (LASs), and austenitic stainless 
steels (SSs), the fatigue lifetime will be reduced 
and the crack growth rate (CGR) will be accelerated 
if these materials are exposed to high-temperature 
water[1~2].  In general, this phenomenon is called 
environmentally assisted cracking (EAC), and the 
mechanisms of EAC can be divided into the three 
categories: corrosion fatigue (CF), stress corrosion 
cracking (SCC),  and strain-induced corrosion 
cracking (SICC).

Austenitic SSs are used extensively as structural 
alloys in reactor–pressure–vessel (RPV) internal 
components because of their high strength, ductility, 
and fracture toughness. Over the previous three 
decades, EAC of austenitic SSs (e.g., Type 304 SS 
and Type 316 SS) in high-temperature water has 
been the key subject of worldwide investigations, 
primarily as a result of events of intergranular 
cracking (IGC) in light water reactors (LWRs)[3~14]. 
Cracking was ini t ia l ly  due to  chromium (Cr)  
depletion at grain boundaries (GBs), which takes 
place as chromium carbides (mainly Cr23C6) nucleate 
and grow in the GBs. When the carbides grow, the 
carbon rapidly diffuses to the interface between 
carbide and matrix and is available to the growing 

carbide. Since Cr diffuses much more slowly, it 
is obtained from the surrounding material, which 
then becomes depleted of Cr (sensitized), and thus 
is more susceptible to corrosive attack. Because 
the carbides preferentially form along the GBs, 
corrosion and EAC are often intergranular.

R e c e n t l y ,  r e a c t o r  w a t e r  c h e m i s t r y  
improvements,  such as reducing the dissolved 
oxygen (DO) concentration, have been considered 
good countermeasures to EAC in structural materials 
in boiling water reactor (BWR) plants. Hydrogen 
(H2) addition to reactor feedwater, creating hydrogen 
water chemistry (HWC), has been applied largely 
in primary SS piping systems of commercial BWR 
plants[15~17]. However, some laboratories such as the 
Argonne National Laboratory (ANL)[18~19] and the 
Ishikawagima-Harima Heavy Industries (IHI)[20] 
observed that the fatigue lives of SSs (e.g., 304 SS 
and 316 nuclear grade [NG] SS) in high-temperature 
(288 oC) water with low DO (or low electrochemical 
corrosion potential [ECP]) environments were even 
much shorter than those under high DO (or high 
ECP) conditions. In addition, Van der Sluys and 
Yukawa[21~22] also found that environmental effects 
on the fatigue lifetimes of austenitic SSs are more 
pronounced in low-DO than in high-DO water. 
Such a dependence of fatigue life on DO content 
is quite different from that of ferritic steels. For 
CSs and LASs, environmental effects on fatigue 
lifetimes increase with the increase of DO content 



-91-

above a minimum threshold value of 0.05 ppm 
in high-temperature water[23~24].  Therefore, more 
test data are necessary in order to further confirm 
whether CGRs of SSs will be suppressed under HWC 
conditions (low DO or low ECP) or not.

In addit ion,  many models  which combine 
fatigue and stress corrosion effects have been 
suggested for  use in predict ing the CGR as a 
function of fatigue loading frequency. These models 
can be divided into three types as follows: (1) 
superposition model[25], (2) competition model[26], 
a n d  ( 3 )  m o d e l s  i n v o l v i n g  e n v i r o n m e n t a l l y  
modi f i ed  ma te r i a l s  de fo rmat ion  and  fa t igue  
properties[27~30]. The superposition model and the 
competition model both make the assumption that 
an environmental fracture process is independent of 
the mechanical fatigue fracture process and that the 
mechanical fatigue fracture process in a corrosive 
environment is identical with the process in an inert 
environment[25~26]. Environmental degradation and a 
pure fatigue fracture process occur simultaneously 

and independently on the same fracture surface, 
and have no interaction with each other according 
to the superposition model[25]. Therefore, the total 
CF CGR ( (da/dN)CF ) is the linear addition of each 
contribution attributed to the environmental fracture 
process ( (da/dN)SCC ) and the mechanical fracture 
process ( (da/dN)inert ). The superposition model has 
explained the CF crack growth behavior relatively 
well for some CF systems and also has been used 
for predicting the lifetime of structural materials in 
nuclear reactors. However, there are still numerous 
cases in which the superposition model cannot be 
applied suitably[31~35].

In  this  s tudy,  we obtain useful  CGR data 
of sensitized 304 SS under either normal water 
chemistry (NWC) or HWC in simulated BWR 
environments  in  order  to  compare these  data  
with some well-known predictive models like the 
ASME Code Section XI, Appendix C (ASME-XI, 
Appendix  C) [36],  the  JSME (Japan  Soc ie ty  of  
Mechanica l  Engineers)  f law evalua t ion  code  
( JSME S  NA1-2000) [37],  t he  PLEDGE (P lan t  
Life Extension Diagnosis by General Electric) 
model (GE-model)[38~39], and the ANL-model[40~41]. 
In addition, we have attempted to gain further 
understanding of whether or not the presence of 
dissolved hydrogen (DH) under BWR conditions 
will suppress the CGR of sensitized 304 SS. Finally, 
besides a posit ive saw tooth cyclic loading, a 
trapezoidal loading composed of cyclic and constant 
loading periods was also used to examine the 
accuracy of superposition principles developed by 
the GE-model and the ANL-model.

圖1 厚度為10 mm且無側表面溝槽之標準緊
緻拉伸試片。

Figure 1 Standard compact tension (CT) specimens 
with thickness of 10 mm (~0.4T-C(T)) 
without side grooves.

表1. 本研究所使用之304型不銹鋼的化學成分 (wt%)。
Table 1 Chemical compositions of Type 304 SS used in this study (wt.%).

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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2. Experimental procedures

2.1 Test materials and specimens

10-mm-thick fracture mechanics-type standard 
compact tension specimens (~0.4 T-CT) without side 
grooves, as shown in Figure 1, were machined from 
a hot-rolled Type 304 stainless steel (304 SS) plate 
with the crack extension direction perpendicular to 
the rolling direction of the plate. The actual chemical 
composition of the 304 SS used in this study was 
determined by glow discharge-optical emission 
spectrograph (GD-OES), as listed in Table1. Prior 
to CF testing, all specimens were solution annealed 
(SA) at 1100 oC for one hour and water quenched 
(WQ). Subsequently, the specimens were furnace 
sensitized (FS) at 620 oC for 24 h and air cooled 
(AC). Sensitization levels were measured using 
the electrochemical potentiokinetic reactivation 
(EPR) technique described in the Japan Industrial 
Standard (JIS) G 0580[42]. The EPR value (ratio of 
anodic current densities in double-loop scans) for the 
sensitized specimens was 30 C/cm2.

Each CT specimen was fatigue precracked 
beyond the  or ig ina l  machined  notch  under  a  
sinusoidal waveform with a frequency of 15 Hz 
and a stress ratio (R) of 0.5 using a 5 ton capacity 
servo-hydraulic (INSTRON 8500) dynamic material 
tester in air at room temperature (~ 25 oC). The 
maximum stress intensity factor, KI, at the final load 
step was lower than 20 MPa√m. The specimen scale 
and precrack procedures all complied with the rules 
specified by ASME E 399[43]. After precracking, the 
specimen surfaces were polished with a 1500-grit 
emery paper and cleaned in an ultrasonic bath with 
distilled water for ~ 5 minutes, and then dried in air.

2.2  Water chemistry and environmental 
parameters

The CF tests were conducted in circulated 
high temperature water loops, as shown in Figure 
2. Water chemistries were measured at the inlet 
and outlet of the autoclave using a water resistivity 
meter (Thornton Type 822), a low dissolved O2 (DO) 
monitor (Orion 1808), and a dissolved H2 (DH) 

圖2　循環高溫水迴路之示意圖。
Figure 2　Schematic representation of circulation of the high temperature water loops.
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monitor (Orbisphere Model 3600). Conductivity and 
concentrations of DO or DH were controlled at the 
autoclave inlet. The influent water conductivity was 
always ~0.06 μS/cm, and the effluent was typically < 
0.08 μS/cm, at ambient temperature.

A 2-liter, Type 316 (UNS S31600) stainless 
steel autoclave, fitted with a recuperative heat 
exchanger was fed by a feedwater pump in series 
with a high-pressure pump, which provided a flow 
rate of 6 L/h. That is, the water in the autoclave 
was exchanged three times per hour. A mixture of 
re-circulating and make-up water was purified and 
demineralized by passage through a nuclear grade 
(NG) ion exchanger. DO and DH were controlled 
by sparging the water in the reservoir with nitrogen 
containing the appropriate partial pressures of 
oxygen or hydrogen.  The gas f low rates were 
controlled by a flow-controller, to establish the 
desired water chemistry. To avoid galvanic effects, 

the specimens were electrically insulated from the 
autoclave by polytetrafluoroethylene (PTFE) and 
from the clip gauges by thermally sprayed zirconium 
oxide (ZrO2) spacers.

The ECP of each specimen was continuously 
monitored by use of a zirconia/copper/cuprous 
oxide (ZrO2/Cu/Cu2O) high-temperature reference 
electrode and converted to the standard hydrogen 
electrode (SHE) on the basis of the calculated 
potential for the ZrO2 sensor in neutral water[44]. The 
pH value in the system was between 5.6 and 5.8 at 
288 oC (~ 561K) as measured by a GLI Model 53 
pH-meter.

2.3  Test conditions and mechanical 
loading

After installing a pre-cracked specimen, the 
autoclave was filled with pure water, bubbled with 

圖3 實驗進行示意圖：(a) 疲勞裂縫生長試驗(非對稱鋸齒負荷)，與 (b) 疲勞裂縫生長試驗(非對稱梯形
負荷)[45~46]。

Figure 3 Schematic representation of test procedure diagram: (a) FCGR tests (asymmetrical saw tooth loading), 
and (b) FCGR tests (asymmetrical trapezoidal loading)[45~46].

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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nitrogen to remove excessive oxygen, and then 
heated up to 288 oC. To achieve stable conditions 
with respect to water chemistry, electrochemistry, 
and oxide film formation, the specimens were 
p re -ox id ized  and  sub jec ted  to  a  p re - load  o f  
approximately 9 kN for at least 168 h (1 week) prior 
to initiating the CF test. The normal test environment 
was pressurized (about 8.0 MPa), high-temperature, 
high-purity water at 288 oC with a nominal inlet 
DO content of 200 ppb, i .e.,  NWC conditions. 
In addition, some specimens were tested under 
both NWC and HWC (10 ppb DO + 160 ppb DH) 
conditions.

T h e  C F  t e s t s  w e r e  c o n d u c t e d  u n d e r  
tension-to-tension load controlled modes with an R 
value of either 0.25 or 0.5. The load waveform in 
some tests was an asymmetrical positive saw tooth 
(slow loading, fast unloading)[45], as shown in Figure 
3(a), with a frequency of either 410-3 Hz (rise time 
230 s, fall time 20 s) or 4×10-4 Hz (rise time 2300 s, 
fall time 200 s). Specimens were loaded to nominal 
initial ∆K values of 10-20 MPa√m, calculated 

according to the equation in ASTM E 399[43]. On the 
other hand, some CF tests were carried out using 
asymmetrical trapezoidal waves under dynamic 
load control modes[46~47], as shown in Figure 3(b). 
Trapezoidal waves were composed by holding for 
different periods (∆tH) at the top (maximum) load.

After several hundred to two thousand hours of 
testing, the specimens were unloaded to 9 kN, the 
heating was stopped, and the pressure was gradually 
decreased.  The specimens were disassembled, 
cleaned in an ultrasonic bath with distilled water 
and dried. The specimens were then broken apart by 
fatigue at room temperature in air to allow post-test 
observation of the fracture surfaces. Both the test 
conditions and simulated BWR water chemistries are 
summarized in Table 2.

2.4  On-line crack growth monitoring and 
fractographical post-test observation

Crack propagation in each individual specimen 
was monitored continuously on-line using the 

表2. 測試條件與模擬沸水式反應器之水化學規格。
Table 2 Test conditions and simulated BWR water chemistry specifications.
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reverse direct-current potential drop (RDC-PD) 
method according to ASTM E 647[48]. The potential 
drop across the crack mouth was measured while a 
constant current of 3 amperes flowed through the 
specimen. The polarity of the current was reversed 
about once per second in order to reduce errors 
associated with thermoelectric and amplifier offsets. 
Many potential drop readings were averaged and 
then related to crack length through polynomial 
fits. The results were verified by comparison with 
extensive post-test fractography evaluations by 
scanning electron microscopy (SEM). The evaluated 
RDC-PD resolution limit corresponded to roughly 5 
to 10 μm (depending to test conditions)[49].

Af te r  tes t ing ,  f rac tographic  examinat ion  
o f  a l l  t e s t  spec imens  was  pe r fo rmed .  Crack  
extension distances were measured on both sides 
of a specimen. For the fatigue-tested specimens, 
although the difference between calculated and 
fractographically determined increment of crack 

advance was found to be < 5%, data from the 
fractographic examination were taken as the final 
result when there was a discrepancy between this 
crack length determination and the RDC-PD data. 
These measurements of crack lengths allowed 
calculation of the cycle-dependent CGR, ∆a/∆N, and 
the time-dependent CGR, (∆a/∆N)/∆tR (∆tR = rise 
time, see Figure 3(a)). The correlation coefficients 
f rom l inear  regress ion  analyses  of  the  crack  
length vs. time data from which growth rates were 
calculated were typically > 0.95. These data were 
then compared with CGR values estimated from 
some predictive models.

3. Results and discussion

3.1 Effects of DO and DH on ECP

The effects of DO and DH on the ECPs of 
sensitized 304 SS are shown in Figures 4 and 5, 

圖4 304型不銹鋼在288 oC高純度且流速為每
小時6公升之水中，溶氧對的電化學腐蝕
電位的影響。電化學腐蝕電位是隨著溶
氧增加的方向依序量測所得。

Figure 4  Effect of DO on the ECPs of Type 304 SS 
in 288 oC high-purity water at a flow rate 
of 6 L/h. The ECP was measured as DO 
was increased.

圖5 304型不銹鋼在288 oC，含氧量200 ppb之
高純度水中，電化學腐蝕電位隨著氫氣
與氧氣之莫爾比而變化的情形。水流速
率為每小時6公升。

Figure 5 ECP behavior of Type 304 SS in 288oC 
high-purity water containing 200 ppb O

2
 

as a function of the molar ratio of H
2
 to 

O
2
. Flow rate was 6 L/h.

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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respectively. Specimens were immersed (pre-filmed) 
in 288 oC high-purity water containing 200 ppb 
O2 for 7 days. The ECP was first measured after 
an incremental addition of O2. Then, the specimen 
was left for 3 days in 288 oC water without any 
further addition of O2 or H2 to let the ECP stabilize. 
Subsequently, an incremental addition of H2 was 
made to this water, which already contained 200 ppb 
O2. It is worth noting that a much longer period was 
required for the ECP to stabilize after this addition 
of H2 than after the previous addition of O2. This 
may indicate that the H2 addition caused a slow 
transformation of the oxide layer from Fe2O3 phase to 
Fe3O4

[50~51].
A plot of the steady-state ECPs for sensitized 

304 SS, as a function of oxygen concentration at 
a flow rate of 6 L/h (100 cc./min), is shown in 
Figure 4. In Figure 4, a significant increase in the 
ECP can be observed in the oxygen concentration 
range between 50 and 400 ppb. Above 800 ppb, the 
ECP is approximately proportional to the logarithm 

of the DO with a slope of ~30 mV/decade DO. In 
addition, the inflection point occurs at an oxygen 
concentration of 150 ppb, whereas those obtained 
by Macdonald et al. [52] and Indig and McIlree[53] 
occur at 200 ppb and 20-40 ppb, respectively. 
The differences of the ECPs may be attributed to 
the type of reference electrode used, the distance 
between the reference electrode and the specimen, 
the flow rate, the degree of sensitization, and/or the 
instrumentation.

It is worth noting that the ECP vs. DO curve 
for the sensitized 304 SS used in this study shows 
the typical S-shaped (sigmoid) form, similar to 
the results obtained by some earlier studies[52~54]. 
According to these studies, the S-shaped curves 
were generally measured in an autoclave with very 
slow water flow (e.g., 20 cc./min in Reference 52, 
100 cc./min in Reference 53, and 10 cm3/min in 
Reference 54). On the other hand, at a higher flow 
rate (2.2 kg/min), a gradual increase in the ECPs, 
instead of the S-shaped curve, was observed between 

圖6 敏化之304型不銹鋼試片測試於負荷頻率為(a) 4×10-3赫茲(正常水化學→加氫水化學→正常水化
學)，與 (b) 4×10-4赫茲(正常水化學→加氫水化學→正常水化學)的條件下，裂縫成長速率在288 oC
水中隨時間的變化情形。

Figure 6 CGR as a function of time for a sensitized Type 304 SS specimen tested at 288°C water under cyclic 
loading (a) at 4×10-3 Hz (NWC→HWC→NWC), and (b) at 4×10-4 Hz (NWC→HWC→NWC).
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0.1 and 1000 ppb of O2
[55]. The sigmoid relationship 

between ECP and DO shown in Figure 4 may 
occur because of a transition between two different 
cathodic reactions. In high-temperature low-DO 
water, the controlling cathodic process is possibly 
the direct reduction of water by the following 
reaction:

2e- + 2H2O  →2OH- + H2                          (1)

On the other hand, the cathodic process in 
high-DO water is probably the reduction of oxygen 
according to the following reaction:

4e- + O2 + 4H+ → 2H2O                         (2)

In the intermediate range of DO, the shift in 
cathodic reactions could significantly influence both 
the ECP and the tendency for IGSCC[53].

Figure 5 shows the ECP behavior of 304 SS in 
288 oC high-purity water containing 200 ppb O2 as a 

function of the molar ratio of H2 to O2. Similar to the 
results in our previous study[56], it was observed that 
ECP can effectively be lowered by adding a trace 
amount of H2 (e.g., 10 ppb). For instance, the ECP 
drops significantly from ~ 0 mVSHE to ~ -200 mVSHE 
as the molar ratio of H2 to O2 increases from 1.62 
to 7.85. There is a sudden drop in the ECP value as 
the H2/O2 molar ratio increased from 2.00 to 2.41 
but, when the H2/O2 molar ratio > 2.41, the decrease 
of the ECP tends to be more gradual. A H2/O2 molar 
ratio of 2 implies that all of the DH (25 ppb) may 
completely react with the DO (200 ppb) to form 
water by the reaction as follows:

2H2 + O2 → 2H2O                                       (3)

That is, 2 moles of hydrogen can react with 1 
mole of oxygen to form 2 moles of water in high 
temperature neutral water. Then, as the H2/O2 molar 
ratio drops below 2, the hydrogen is all used up to 
decrease the ECP value.

圖7 破裂面的掃瞄式電子顯微鏡照片顯示破裂面之破裂模式為混合型，亦即裂縫在預裂階段主要是屬
穿晶破裂的形式，而在高溫水中的裂縫成長階段則主要是沿晶破裂的形式。而此圖中裂縫延伸的
方向為由下往上。

Figure 7 SEM photograph showing mixed mode fracture morphology with transgranular cracking dominating 
in the precracking stage and intergranular cracking observed in the crack growth stage. Crack advance 
direction is from bottom to top.

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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3.2  CGR behaviors for NWC and HWC 
conditions in BWR environments

The CF tests were performed under cyclic 
loading in the simulated NWC condition with 200 
ppb DO, and in the simulated HWC condition (10 
ppb DO + 160 ppb DH). Figures 6(a) and 6(b) show 
plots of crack length (mm) vs. time (h) for specimens 

tested either at a higher loading frequency (4×10-3 

Hz) or at a lower loading frequency (4×10-4 Hz) 

respectively, for a period during which conditions 

changed from NWC to HWC and back to NWC. In 

these two figures, it can be observed that whether the 

water chemistry was NWC or HWC, the time-based 

CGR at the higher frequency (4×10-3 Hz) was always 

圖8 所有腐蝕疲勞裂縫成長速率之實驗數據與(a) ASME-XI, Appendix C[36]，(b) JSME S NA1-2000[37]，
(c) GE-model[38~39]，以及(d) ANL-model[40~41]作比較。

Figure 8 All of the experimental corrosion fatigue CGR data compared to (a) ASME-XI, Appendix C[36], (b) 
JSME S NA1-2000[37], (c) GE-model[38~39], and (d) ANL-model[40~41].
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more rapid than the CGR at the lower frequency (4
×10-4 Hz) at a similar stress intensity factor range 
(∆K) value and under the same water chemistry 
conditions. For example, at 4×10-3 Hz under NWC 
conditions, the CGR of one specimen (3.56×10-6 
mm/s, ∆K = 20.29 MPa√m) was higher than that of a 
similar specimen (4.88×10-7 mm/s, ∆K = 21.22 MPa
√m) tested at 4×10-4 Hz under NWC. In addition, in 
the HWC environment, the CGR (2.24×10-6 mm/s, 
∆K = 19.13 MPa√m) tested at 4×10-3 Hz was also 
faster than that (8.31×10-7 mm/s, ∆K = 21.66 MPa
√m) tested at 4×10-4 Hz. It is likely that the higher 
frequency resulted in a higher strain rate at the crack 
tip, which led to a higher CGR.

In addition, it is worth noting in Figures 6(a) 
and 6(b) that whether the loading frequency was high 
or low, the effect of the addition of 160 ppb H2 on 
the CGR was not very large. In other words, adding 
a trace amount of H2 could not suppress the CGR in 
this study. In contrast, in previous studies[56~57] we 
found that DH could effectively reduce the CGRs of 
reactor pressure vessel (RPV) LASs such as A508 
Cl.2 (UNS K12766) and A533B (UNS K12539). In 
general, the effect of adding H2 is to lower the ECP 
on the external surface of the steels. For SSs, it has 
been recognized that IGSCC is reduced markedly if 
the ECP can be decreased below a critical value of 
~ -230 mVSHE

[58~60]. In the present study, even though 
the ECP was lowered to ~ -500 mVSHE under HWC 
conditions (10 ppb DO + 160 ppb DH), as shown in 
Figure 6, the CGR was not reduced significantly.

The  main  reason  tha t  the  ECP has  l i t t l e  
influence on CGR may be due to the solution 
conductivity. Andresen[61] reported that there is 
a large effect of solution conductivity such that 
raising the conductivity from ~ 0.1 to 0.4 μS/cm 
is equivalent to shifting from non-sensitized to 
sensitized SSs. Similarly, a reduction of water 
conductivity from 0.5 to 0.1 μS/cm can lower the 

CGR by a factor of ~ 13 times at 27.5 MPa√m, 
and this factor becomes even larger at lower stress 
intensities (crack tip strain rates)[61]. For sensitized 
SSs, the CGRs are generally much higher (up to two 
orders of magnitude) than those for non-sensitized 
SSs because the effect of chromium depletion on 
CGR can be quite marked and is much greater 
than the effects of grain-boundary segregation 
of phosphorus (P) or sulfur (S)[62].  However, in 
ultrahigh-purity water (e.g., outlet water conductivity 
< 0.1 μS/cm), Andresen and Briant [62] found that 
no effect of ECP on CGRs was observed over the 
range -500 to +250 mVSHE. They also observed that 
additions of 150 ppb DH had no effect on CGRs 
in ultrahigh-purity (with very low conductivity) 
water[62]. Therefore, it is not difficult to speculate that 
the CGR in sensitized SSs will be similar to that in 
non-sensitized SSs if the former is tested in solutions 
of lower conductivity.

The assumption that DH cannot suppress the 
CGRs of sensitized SSs in high-purity water can 
be further confirmed by the results obtained from 
Ljungberg et al.[63]. They also found that there is no 
measurable effect on the CGRs in sensitized 304 SSs 
when switching from NWC to HWC under fatigue load 
conditions in high-purity water (0.08 to 0.12 μS/cm
for NWC and 0.07 to 0.09 μS/cm for HWC). On the 
other hand, for some sensitized SSs tested in pure 
water with higher conductivity (≥ 0.3 μS/cm), the 
addition of H2 to create HWC conditions was found 
to be beneficial in suppressing the CGRs[17, 64~66].

Whether the water chemistry was NWC or 
HWC, the fracture morphology was found to be 
mixed, as shown in Figure 7, with transgranular 
cracking (TGC) dominating in the precracking stage 
where a higher frequency was used. Predominantly 
intergranular cracking (IGC) was observed in the 
crack growth stage for a specimen immersed in 
high-temperature water.

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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3.3  CF-tests results in comparison with 
some predictive models

Figure 8(a) compares our CGR data to the 
reference curves of the ASME-XI, Appendix C[36], 
used to est imate the fat igue crack growth for 
austenitic SSs tested in air. It was found that none 
of the current data were encompassed by this code. 
The CGR data, which are higher than the ASME-XI, 
Appendix C reference curves, confirm the existence 
of the environmental effects in high-temperature 
water. In addition, it was observed that, at a longer 
rise time (2300 s), i.e., at a lower frequency, the 
CGRs exceed those in the reference curves by a 
factor of 6-12, whereas at a shorter rise time (230 s, 
or at a higher frequency), CGRs are only 2-6 times 
higher than those in the reference curves. Therefore, 
these results show that the reference curves of the 
ASME-XI, Appendix C are not conservative enough, 
and that the lower the loading frequency, the higher 
are the environmental effects on the CGR values.

The current ASME-XI reference CGR curves 
for austenitic SSs are only based on ∆K and R, 
and not on other variables that are known to be 
just as important, such as loading frequency (or 
rise time). Therefore, after sufficient experimental 
data were collected, new reference crack growth 
curves, the so-called JSME S NA1-2000 curves, 
were established by the JSME, which considered the 
significant effects of strain rate, loading frequency, 
and rise times. A comparison of the current CGR 
data with the JSME S NA1-2000 is shown in Figure 
8(b). It is apparent that all of the current data are 
entirely encompassed by the JSME S NA1-2000 
curves. However, it is worth noting that all of the 
experimental data are much lower than the predicted 
values by a factor of 4-13. Therefore, these results 
suggest that the JSME S NA1-2000 reference curves 
are overly conservative.

The GE-model [38] is primarily based on the 
slip-dissolution/film-rupture (SD/FR) mechanism. 
In this model, a crack advances as a result of the 
oxidation reactions occurring at the crack tip where 
a thermodynamically stable oxide (or protective 
film) is ruptured by an increase in the strain in the 
underlying matrix. The crack growth is mainly 

controlled by the crack-tip strain rate ( ct), which 
governs the oxide film rupture frequency and the 
repassivation behavior after the film rupture event. 
In Figure 8(c), it can be observed that all of the 
current data tested under NWC (ECP ~ 50 mVSHE) 
are lower than the reference curve of EPR = 30 
C/cm2 and 200 ppb O2, whereas those tested under 
HWC (ECP ~ -550 mVSHE)  are higher than the 
reference curve of EPR = 30 C/cm2 and < 10 ppb 
O2. Consequently, this indicates that the GE-model 
fully encompasses the data for 304 SS tested under 
NWC conditions, but significantly underestimates 
the CGRs measured under HWC in simulated BWR 
environments.

In the GE-model, it is assumed that NWC and 
HWC conditions result in different ECP values on 
the surface of a stainless steel. Different ECPs will 
lead to different metal dissolution currents and 
therefore result in different CGRs. Hence, the CGR 
under NWC should be higher than that under HWC 
for a given crack-tip strain rate. However, in this 
study, it was observed that the CGRs under HWC 
were similar to, or even slightly higher than, those 
observed under NWC. This result suggests that the 
mechanism of cracking is not completely consistent 
with the SD/FR model for SSs tested under cyclic 
loading in simulated BWR environments.  One 
possible reason that the GE-model underestimates 

CGRs under HWC is that different environments 
result in different oxide films, and the fracture 
strength of the oxide film formed under HWC is 
different from that formed under NWC. Therefore, 
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the CGRs are not only influenced by the dissolution 
current, which is dependent on the ECP, but also by 
the fracture strength of the protective oxide film.

Finally, we compare the current data with the 
ANL-model[40~41]. Basically, an estimation of the 
EAC rates in SSs by the ANL-model also relies on 
a superposition principle. The total CGR value ( 
(da/dt)total ) includes the SCC rate ( scc) under constant 
load in the water environment, the CGR ( (da/dN)env 
) under cyclic load in the water environment, and the 
mechanical fatigue CGR ( (da/dN)air ) tested in air. 
In addition, the difference between the ANL-NWC 
and the ANL-HWC equations is only based on 
the difference in the SCC CGR ( scc) values under 
constant loading. That is, the value of scccan be 
assumed to be zero under HWC. The current CGR 
data are compared with the ANL-model[40~41] in Figure 
8(d). This shows that, whether the specimens were 
tested under NWC or HWC, most of our CGR data 
are comparable with the values predicted by the 
ANL-model. Therefore, the present study indicates 
that  the ANL-model is  more suitable than the 
GE-model to predict the CGR values for sensitized 
SSs tested in simulated BWR environments.

3.4   Examination of the accuracy of 
the superposi t ion pr incip les 
developed by the GE-model and 
the ANL-model under cyclic or 
trapezoidal loading conditions

3.4.1  Evaluation of CGRs under cyclic loading

It is generally believed that the CF CGR under 
cyclic positive saw tooth loading is the superposition 
of the crack advance in air and the EAC during the 
rising load time period (∆tR). However, the method 
used to assign a suitable weight to each parameter 
is still a controversial subject. In the GE-model, the 
CGRs in SSs are mainly controlled by the crack-tip 

strain rate ( ct) based on a superposition principle as 
follows:

where da/dt is the CGR in cm/s, v is the loading 
frequency in Hz, AR is a constant that is a function 
of the load ratio (R value), ∆K is the stress intensity 
factor range in ksi√in, and the values of A and n 
depend on the crack-tip material susceptibility (e.g., 
EPR values) and environmental factors such as 
conductivity and ECP values. The values of A and n 
(A = 2×10-4, n =0.429 for NWC and A = 8×10-5, n = 
0.537 for HWC) were therefore selected according 
to the EPR value (30 C/cm2) of the sensitized 304 SS 
used in this study.

On the other hand, the superposition model 
developed by ANL adopts the equations recorded 
in the report (NUREG-0313, Rev.2) published by 
the U.S. Nuclear Regulatory Commission (NRC)[67]. 
In this report, the CGRs in BWR environments 
conta in ing  0 .2  ppm or  8  ppm DO have  been  
regulated. Because the SCC CGR () in PWR or in 
BWR/HWC environments is very low, it is ignored 
in the ANL-model. In addition, the EAC under cyclic 
loading is primarily based on the results obtained by 
Shoji et al.[68]. Shoji and coworkers considered that 
there exists a power law relationship between the 
time-based CGR in the water environment ( env) and 
that in air ( air), as follows:

                                                     (6)

where A and m are constants.  Shoji  et  al .  
compared equation (6) with experimental data and 
determined that A = 4×10-5 and m = 0.5 in 288oC 
water containing 200 ppb DO, and that A = 1.5×
10-4 and m = 0.5 in 288oC water containing 8 ppm 
DO. Therefore, the ANL-model[41] predicts the CGRs 

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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under cyclic loading as follows:

where (da/dt) total is the total CGR in m/s, ∆
t R is  the r ise  t ime in seconds,  ∆t H is  the hold 
time in seconds, ∆tF is the fall time in seconds, 
(da/dN)air is the mechanical fatigue cycle-based 
CGR (m/cycle)  tested in air,  (da/dN) env is  the 
cycle-based CGR (m/cycle) under a cyclic load in 
the water environment, and  is the time-based CGR 
(m/s) under a constant (static) load in the water 
environment. The formulations of scc , (da/dN)air, and 
(da/dN)env are listed in Table 3.

3.4.2  Evaluation of CGRs under trapezoidal 

loading

The formulations of the CGR given in the 
previous section assumed cyclic loading without any 
hold time at maximum load. However, if the loading 
waveform changes from cyclic to trapezoidal (which 
includes a hold time), the GE-model predicts that the 
total crack advance is the sum of the crack advance 
attributed to mechanical fatigue, (AR(∆K)4), and EAC 
during the rising load time period (∆tR) and EAC 
during the hold time (∆tH) at maximum load[38]. This 
total crack advance can be converted to the average 
propagation rate by dividing it by the total cyclic 
time, i.e., ∆tR + ∆tH + ∆tF (where ∆tF is the load fall 
time) as follows:

表3. 方程式(7)及(8)中
scc
、(da/dN)

air
與(da/dN)

env
的公式。

Table 3 The formulations of 
scc  

, (da/dN)
air

, and (da/dN)
env

 in equations (7) and (8).
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where (da/dt)total is the total CGR in cm/s, ∆tR 
is the rise time in seconds, ∆tH is the hold time in 
seconds, ∆tF is the fall time in seconds, ∆K is the 
stress intensity factor range in ksi√in, Kmax is the 
maximum stress intensity factor in ksi√in, and AR 
is a constant that is a function of the load ratio (R 
value) as follows:

For R < 0.42, AR = 2.44×10-11;
For R ≥ 0.42, AR = -2.79×0-11 + 1.115×10-10R 
                              + 5.5×10-11R2

Although the ANL-model provides predictive 
formulations (equations (7) and (8)) for cyclic 
loading, it is not clear how the ANL-model can be 
used to calculate the CGR under trapezoidal loading 
conditions. In this study, it is presumed that the 

weight of each parameter in the ANL-model is the 
same as that stipulated in the GE-model, but that 
the CGRs under different conditions ((da/dN)air, 
(da/dN)env,  and scc ) are still determined by the 
formulations in the ANL-model, as listed in Table 3 
Therefore, the CGRs under trapezoidal loading for 
the ANL-model can be evaluated as follows:

圖9 敏化之304型不銹鋼試片測試於往復式(頻率4×10-3赫茲，4×10-4赫茲)或梯形(上升時間230秒，維持
時間2070秒)負荷的正常水化學/加氫水化學環境中，裂縫成長速率在288 oC水中隨時間的變化情
形。

Figure 9 CGR as a function of time for a sensitized Type 304 SS specimen tested at 288 °C under cyclic (f = 4×
10-3, 4×10-4 Hz) or trapezoidal (∆t

R
=230 s, ∆t

H
=2070 s) loadings in NWC/HWC environments.

敏化之304型不銹鋼在模擬沸水式反應器環境中的疲勞裂縫成長行為
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3.5  Examination of the accuracy of the 
GE-model and the ANL-model

Figure 9 shows an example of combined CGR 
behaviors under either cyclic or trapezoidal loading 
in simulated BWR environments. Similar to the 
results for specimens tested under cyclic loading 
conditions, it was found that the addition of 160 
ppb H2 creating HWC could not suppress the CGR 
under trapezoidal loading (Figure 9). In this study, 
the CGRs measured under HWC conditions were 
not effectively reduced by DH and were even higher 
than those CGRs measured under NWC at a similar 
∆K value and for the same loading waveform. For 
instance, with a rise-hold-fall waveform of 230 s  
2070 s  200 s for one specimen tested under HWC 
conditions (Figure 9), the CGR of sensitized 304 SS 
(9.22×10-8 mm/s, ∆K = 12.12 MPa√m) was slightly 
higher than that (8.25×10-8 mm/s, ∆K = 11.49 MPa
√m) tested under NWC. In addition, for another 

specimen tested under HWC with a waveform of 
230 s-7200 s-200 s, the CGR (9.47×10-8 mm/s, ∆K 
= 12.17 MPa√m) was also higher than that (3.92×
10-8 mm/s, ∆K = 10.71 MPa√m) tested under NWC 
conditions. By comparing the current CGR data 
under either cyclic or trapezoidal loading conditions 
w i th  t he  va lues  p red i c t ed  by  the  GE-mode l  
(equations (4), (5), and (9)) and the ANL-model 
(equations (7), (8), and (10)), respectively as shown 
in Figures 10(a),  and 10(b),  we conclude that 
the accuracy of the predicted CGR values in the 
ANL-model is higher than that in the GE-model. In 
other words, whether the loading waveform is cyclic 
or trapezoidal, the current CGR data are close to 
the predicted values in the ANL-model. However, 
in the GE-model, all of the current CGR data are 
lower than the predicted values for specimens tested 
under NWC and slightly higher than the predicted 
values under HWC conditions. This indicates that 
the accuracy of the superposition principle (simple 

圖10 腐蝕疲勞裂縫成長速率之實驗數據與(a) GE模型以及(b) ANL模型所計算得的預測值相比較。結果
顯示ANL模型的準確性較GE模型來得高。

Figure 10 Corrosion fatigue CGR experimental data compared with the predicted values calculated from (a) 
GE-model[38~39] and (b) ANL-model[40~41]. Results show that the accuracy of the ANL-model is higher 
than that developed by the GE-model.



-105-

addition) developed by the GE-model is lower than 
that assumed by the ANL-model.

4. Conclusions

Important features and conclusions drawn from 
the present study are summarized as follows:
1. There were no significant differences between the 

CGRs in sensitized 304 SS under HWC or NWC 
conditions in simulated BWR environments. It was 
found that HWC reduces CGRs very little under 
either cyclic or trapezoidal loading conditions.

2.  Whether the loading waveform was posit ive 
saw tooth or trapezoidal, the accuracy of the 
ANL-model was higher than that of the GE-model. 
In the GE-model, the predicted CGR values for 
specimens tested under NWC were overestimated 
compared with the current data, whereas the 
predicted CGR values for specimens tested under 
HWC were slightly underestimated.

3. The current test CGR data cannot be encompassed 
by the disposit ion curve of the ASME Code 
Section XI, Appendix C. It was therefore shown 
that the ASME-XI, Appendix C is not conservative 
enough to predict the CGRs of austenitic SSs 
tested in high-temperature water, and that the 
lower  the  loading f requency,  the  larger  the  
environmental effects are on the CGRs.

4. All of the current experimental CGR data are 
bounded by the  JSME S NA1-2000 curves .  
However, the predicted values calculated from the 
JSME S NA1-2000 reference curves seem to be 
overly conservative.
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