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To understand the effect of the cyclic strain rate on the environmentally assisted cracking behaviors of SA508 Gr.1a low
alloy steel in deoxygenated water at 310°C, the fatigue surface and a sectioned area of specimens were observed after low
cycle fatigue tests. On the fatigue surface of the specimen tested at a strain rate of 0.008 %/s, unclear ductile striations and a
blunt crack tip were observed. Therefore, metal dissolution could be the main cracking mechanism of the material at this
strain rate. On the other hand, on the fatigue surfaces of the specimens tested at strain rates of 0.04 and 0.4 %/s, brittle cracks
and flat facets, which are evidences of the hydrogen induced cracking, were observed. In addition, a tendency of linkage
between the main crack and the micro-cracks was observed on the sectioned area. Therefore, at higher strain rates, the main
cracking mechanism could be hydrogen induced cracking. Additionally, evidence of the dissolved MnS inclusions was observed
on the fatigue surface from energy dispersive x-ray spectrometer analyses. Thus, despite the low sulfur content of the test
material, the sulfides seem to contribute to environmentally assisted cracking of SA508 Gr.1a low alloy steel in deoxygenated
water at 310°C.
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1. INTRODUCTION

Low alloy steels (LASs) used as the structural
materials of nuclear power plants (NPPs) are subject to
cyclic stress during plant operation. Consequently,
fatigue damage is one of the most significant degradation
mechanisms of them. Moreover, fatigue crack growth
rate is accelerated in the high temperature water
environment of NPPs, thereby reducing the fatigue life
[1-6]. Therefore, the environmental fatigue behaviors of
LASs should be considered to assess the integrity and the
safety of NPPs. To date, many studies have been done to
evaluate the environmental fatigue behaviors of LASs
[1-9]. It has been reported that the reduction of fatigue
life is related to environmentally assisted cracking (EAC)
mechanisms, such as metal dissolution and hydrogen
induced cracking (HIC) [1-6].

In the metal dissolution mechanism, the protective oxide
film is ruptured under tensile strain, and the metal is dissolved
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by exposure to a corrosive environment until a protective
oxide layer is formed [1-4]. The whole process is repeated,
resulting in crack growth. In the HIC mechanism, hydrogen
atoms produced by corrosion reaction are absorbed by
the metal and concentrated at strong hydrogen trapping
sites, which increases stress in a localized area [1-6,10].
Then, crack growth occurs by the brittle cracking caused
by the high stress [1-6].

Meanwhile, it is well known that environmental effects
on the fatigue life decrease with decreasing sulfur content
[7,11-14]. As sulfides can prevent the recombination of
hydrogen at the crack tip and sulfate anions are aggressive
in terms of increasing the oxidation rate, the dissolution
of MnS inclusions is known to accelerate the crack growth
by both EAC mechanisms [5,11-15]. However, the values
of S contents below which environmental effects are
negligible or above which the effects of sulfide on EAC
may saturate were not well defined due to the lack of
available data [7]. Especially, in low dissolved-oxygen
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water, the effects of sulfur on EAC mechanisms could be
influenced by various factors and is not clearly understood.

In this study, the effect of cyclic strain rate on
environmental fatigue resistance was investigated to
understand the EAC behaviors of SA508 Gr. 1a LAS in
deoxygenated water at 310°C. In addition, energy dispersive
x-ray spectrometer analyses (EDS) were performed on
fatigue surfaces to investigate the effects of sulfides on
environmental fatigue behaviors.

2. EXPERIMENTAL DETAILS

2.1 Material and Tensile Test

The test material was an ASME SA508 Gr. 1a LAS
used as the material for reactor coolant system piping.

The material was normalized at 920°C for 10 minutes,
followed by quenching in water, and then tempered at
650°C for 130 minutes in air. The chemical compositions
were analyzed, and the results are summarized in Table 1.
The tensile properties were measured using round bar
specimens with a 4 mm gauge diameter in air at room
temperature (RT) and 310°C. The average values of 3 test
results are shown in Table 2.

2.2 Low Cycle Fatigue Test System and Test
Conditions

The test specimen was a smooth round bar type with
a 19.05 mm gauge length and a 9.63 mm gauge diameter
[4]. The low cycle fatigue (LCF) test system is shown in
Fig. 1. Test conditions of the LCF test are given in Table
3. The fatigue life, N2, was defined as the number of

Table 1. The Chemical Composition of SA508 Gr. 1a LAS (wt. %)

C Si Mn P S Ni Cr Mo Cu Al
0.22 0.21 1.16 0.008 0.004 0.20 0.17 0.04 0.12 0.02
Table 2. Tensile Properties of SA508 Gr. 1a LAS
Y.S. (MPa) U.T.S. (MPa) Elong. (%)
RT 310°C RT 310°C RT 310°C
350.8 243.3 521.2 521.9 39.2 38.3
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Fig. 1. Low Cycle Fatigue Test System
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cycles at which the tensile stress drops 25 % from its
peak value. After the LCF test was finished, the fatigue
surface and the sectioned area of the specimen tested at
0.4% strain amplitude were observed using scanning
electron microscope (SEM), and EDS analysis was
performed to find MnS inclusions on the fatigue surface
of the tested materials. Before the SEM observation, the
oxides on the fatigue surface were removed with a
solution containing 7 g of 2-Butyne 1.4 diol, 16 cc of
HCI, and 220 cc of distilled water.

Table 3. Test Conditions of Low Cycle Fatigue Test of SA508

Gr. 1a LAS
Wave form Fully reversed triangular
Strain rate 0.008, 0.04, 0.4 %/s

Strain amplitude 0.4,0.6,0.8,1.0%

Air at RT and 310 °C,

Test environment
Deoxygenated water at 310 °C

Dissolved oxygen <1ppb
Conductivity <0.1 pS/cm
3. RESULTS

3.1 Fatigue Life of SA508 Gr. 1a LAS

Figure 2 shows the fatigue life test results for SA508
Gr.la LAS at various loading conditions in various
environments. For comparison, ASME design and mean
curves are also shown in the figure. Also shown in the
figure is the minimum curve for the data scatter of factor
2 including material variability. As shown in the figure,
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Fig. 2. The Fatigue Life of SA508 Gr. 1a LAS [1]
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the fatigue life in deoxygenated water at 310°C was shorter
than that in air. Moreover, the fatigue life in deoxygenated
water at 310°C was reduced with a decreasing strain rate,
from 0.4 to 0.008 %/s.

3.2 Fatigue Surface Observation

Figure 3 shows the fatigue surfaces of the specimens
tested in air at RT and in deoxygenated water at 310°C. The
fatigue crack features on the surfaces depended on the
test environment and the loading conditions. As shown in
Fig. 3 (a), well-developed ductile striations were observed
on the fatigue surface of the specimen tested in air at RT.
However, unclear ductile striations were observed on the
fatigue surface of the specimen tested in deoxygenated
water at 310°C at a strain rate of 0.008 %/s, as shown in
Fig. 3 (b). In addition, as shown in Figs. 3 (c) and (d),
brittle cracks and flat facets were generally observed on
the fatigue surfaces of the specimen tested at strain rates
of 0.04 and 0.4 %fs. Pore-like features were also observed
on the fatigue surface of the specimen tested at all strain
rates in deoxygenated water at 310°C.

3.3 Sectioned Area Observation

Figure 4 shows the sectioned areas of the specimens
tested in various test conditions. As shown in Fig. 4 (a), a
sharp and clear crack tip was observed on the sectioned
area of the specimen tested in air at RT. However, in the
case of the sectioned areas of the specimens tested in
deoxygenated water at 310°C, blunt crack tips were observed,
as shown in Figs. 4 (b), (c), and (d). In addition, the
characteristics of the fatigue crack of the specimens tested
in deoxygenated water at 310°C changed with various
strain rates. As shown in Fig. 4 (c), micro-cracks were
observed around the blunt main crack in the specimen
tested at a strain rate of 0.04 %/s. As shown in the figure,
some micro-cracks were about to link with the main crack.
In addition, as shown in Fig. 4 (d), a tendency of crack
linkage was observed for the specimen tested at a strain
rate of 0.4 %/s.

3.4 EDS Analysis

Figure 5 shows a pore-like site with a brittle crack on
the fatigue surface of the specimen tested at a strain rate
of 0.008%/s in deoxygenated water at 310°C. The average
values of sulfur and manganese contents on the fatigue
surface and on pore surface are also shown in Fig. 5. While
sulfur was not detected on the fatigue surface, sulfur and
manganese contents were higher on the pore surfaces.
This could indicate that the pore-like sites are the residue
of the MnS inclusions.

4. DISCUSSION

4.1 EAC Mechanisms
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Fig. 3. Fatigue Surfaces of the Specimens Tested at a Strain Amplitude of 0.4 % and Strain Rates of (a) 0.04 %/s in Air at RT,
(b) 0.008, (c) 0.04, and (d) 0.4 %/s in Deoxygenated Water at 310°C
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4

Semiquantitative EDX analysis (avg. wt. %)

Location Fe S Mn

Fatigue surface (1-4) | 98.7 | 0.00 1.30

Pore surface (5-8) 95.0 | 1.01 | 3.93

Fig. 5. The Dissolved Inclusion Around the Brittle Crack in
the Fatigue Surface of Specimen Tested at a Strain Rate of
0.008 %/s in Deoxygenated Water at 310°C

From the results of the LCF test of SA508 Gr. 1a LAS
[1], the fatigue life in deoxygenated water at 310°C was
shorter than that in air. As mentioned above, it is well
known that the reduction of fatigue life is related to EAC
mechanisms. The probable EAC mechanisms involved
are metal dissolution and HIC [1-7]. Figure 6 shows a
schematic illustration of EAC mechanisms. The process
of the metal dissolution mechanism can be described as
follows: (i) formation of a protective oxide film at the
crack tip, (ii) rupture of the oxide film by applied strain, (iii)
exposure of fresh bare metal to the corrosive environment,
(iv) the dissolution of the freshly exposed metal, and (V)
repetition of steps (i) — (iv), which results in the increase
of crack growth rate [1-5,11].

On the other hand, the process of the HIC can be
described as follows. First, the hydrogen atoms are absorbed
at the crack tip during the crack opening period. Absorbed
hydrogen is transported to the local stressed region along
a stress gradient, such as the grain boundaries and the
interface of inclusion/matrix and dislocations, which are
strong trapping sites for the absorbed hydrogen [1-6,10].
Consequently, hydrogen atoms can accumulate in those
regions and thereby increase the local stress [1-6,16]. In
this way, hydrogen can contribute to the reduction of fatigue
life in high temperature water.

Schematic llustration of EAC mechanisms
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Fig. 6. Schematic Illustration of EAC Mechanisms
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From the SEM images shown in Fig. 3 and Fig. 4, the
features relevant to the EAC mechanisms were evident
on the fatigue surface and the sectioned area. From the
microstructure observation of the specimen tested in
deoxygenated water at 310°C, evidence of the metal
dissolution mechanism, such as unclear ductile striations
and a blunt crack tip, was observed. In addition, evidence
of the HIC mechanism, such as brittle cracks, flat facets,
and micro-cracks, was also observed. The brittle cracks
and the flat facets could be generated by an increase in
local stress at high hydrogen concentration regions, such
as grain boundaries and the interface of inclusions and
metal [16]. Therefore, both EAC mechanisms are responsible
for the reduction of fatigue life in high temperature water.
Furthermore, since the EAC mechanisms are influenced
by a loading factor, such as cyclic strain rate [1-6], the
fatigue crack features depended on the applied strain rate
during the LCF test.

4.2 Strain Rate Dependence of EAC Mechanism

As mentioned above, the fatigue crack features of the
specimens tested in deoxygenated water at 310°C changed
with the applied strain rate. As shown in Figs. 3 (b) and 4
(b), the unclear ductile striations and the blunt crack tip
were dominantly observed for the specimen tested at a
strain rate of 0.008 %/s. From these unclear striations and
blunt crack shape, the metal dissolution could be considered
as the dominant EAC mechanism at a strain rate of 0.008
%/s [1-2]. On the other hand, as shown in Figs. 3 (c) and
(d), many brittle cracks and flat facets were observed on
the fatigue surfaces. Micro-cracks with blunt crack tip
were observed on the sectioned areas shown in Figs. 4 (c)
and (d). These fatigue crack features could indicate that
the HIC plays the most important role in the acceleration
of the fatigue crack growth rate at strain rates of 0.04 and
0.4 %l/s [1-2].

Figure 6 illustrates cyclic strain rate dependence on
EAC mechanisms. During cyclic loading, the slower cyclic
strain rate may provide relatively longer crack opening
time. The increase in crack opening time brings out not
only the sufficient time for hydrogen absorption but also
diffusion of O, from bulk solution [5]. The diffusion of
O is believed to promote the protective oxide formation
reaction at the crack tip, and the oxide layer may act as a
strong barrier to absorption of hydrogen [1-6]. Therefore,
although the hydrogen absorption time increases sufficiently,
HIC could be retarded [2]. In addition, as the rupture rate
of oxide film is proportional to the applied strain rate, the
low rupture rate of oxide film may occur at the crack tip
at a lower strain rate, thereby lowering the exposure time
of fresh bare metal [1-4]. This situation would decrease
the absorption of hydrogen into the matrix. Therefore, at
lower strain rates, the dominant EAC mechanism of LAS
may be metal dissolution [1-2]. On the other hand, at
higher strain rate, the crack opening time could decrease,
thereby decreasing the hydrogen absorption time. However,

230

Schematic illustration of the role of MnS inclusions

Cyclic siress

Matnix

MnS inclusion
'S ¥ el
e gry

_ Mn%

2H |
5 M. at erack tip

L T s

Inehusion disscdution

A NS A N = M & S (I
Uyl siress i Ynk W' - &
- Ml o+ 0" = Bla™ + H5
Incrrmse wl maeal o el o e
I Fe+ JHE = B <= WS = B+ FeS (63 = gl < T.0)

S N TR PN T RS )

Fig. 7. Schematic Illustration of the Role of MnS Inclusions

the fresh bare metal may be easily exposed to a corrosive
environment due to the higher rupture rate of oxide film.
This may lead to the absorption of hydrogen into the matrix.
Therefore, the HIC mechanism may be the main EAC
mechanism at relatively faster strain rates [1-2].

Therefore, from the observation of the fatigue surfaces
and the sectioned areas of the specimens tested at various
strain rates in deoxygenated water at 310°C, it is thought
that metal dissolution is the dominant EAC mechanism at
a strain rate of 0.008 %/s and that HIC affects significantly
the fatigue crack propagation at strain rates of 0.04 and
0.4 %ls.

4.3 The Role of MnS in the EAC Mechanism

Although the sulfur content of LAS used in this study
was very low, evidence of dissolved inclusion was easily
observed on the fatigue surface tested in deoxygenated
water at 310°C, as shown in Fig. 5. From the EDS analysis,
it is thought that MnS inclusions were dissolved in corrosive
environment, because the sulfur and manganese contents
in the dissolved inclusion site were higher than those in
other areas on the fatigue surface. The brittle crack around
the MnS inclusion may be generated by an increase in
local stress at the interface of MnS inclusion and matrix,
because the absorbed hydrogen could be easily diffused
in that region [10,16-17]. Therefore, MnS inclusion sites
could have contributed to the HIC mechanism.

Furthermore, it is well known that the dissolved sulfides
could contribute to the acceleration of the EAC mechanism
[11-14]. Figure 7 illustrates the role of sulfides in the crack
tip. As shown in Fig. 7, the sulfides are readily dissolved
in the elevated temperature water [12]. The dissolved
MnS may be decomposed by the following reactions [5].
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MnS + H,0 — Mn*" + HS+ OH"
MnS — Mn?"+ 8% (1)
MnS +2H" — Mn?" + H,S

The sulfides produced by reactions in (1) could interact
with Fe, thereby increasing metal dissolution [12]. Therefore,
the sulfides anions are aggressive in terms of increasing
the oxidation rate [11-12]. Also, the sulfides, S*, HS', H,S
produced by above reactions may act as poison to prevent
the recombination of hydrogen and promote the absorption
of hydrogen into metal, thereby increasing HIC [5,12,15].

To enhance the EAC mechanism, a critical
concentration of the sulfides is required at the crack tip
environment [7,13]. Since the increase of the sulfur content
in metal could increase the concentration of sulfides at
the crack tip, the low sulfur steel including SA508 Gr. 1a
LAS is less susceptible to EAC than high sulfur steels
[7,12-13]. Additionally, it has been reported that low sulfur
steels (< 0.005 wt.-% S) should be considered when
environment is aerated water (1ppm DO) [7]. Therefore,
the effect of sulfides in the low sulfur steels could be an
important factor in a boiling water reactor (BWR) environment.

However, Chopra [7] reported that the available data
sets are too sparse to establish a functional form for
dependence of fatigue life on sulfur content or to define a
threshold for sulfur content. Also, Atkinson [12] reported
that the corrosion fatigue crack growth rate and threshold
stress intensity factor were functions of the S content in
the range of 0.003 — 0.019 wt.-% in a pressurized water
reactor (PWR) condition, while a clear relationship
between the fatigue propagation rate and the steel sulfur
content has not been observed [12]. Therefore, the
dissolved sulfides may contribute to enhance the EAC
mechanism in SA508 Gr. 1la LAS containing sulfur
content of 0.004 wt.-%. Moreover, it is likely that the
effect of the dissolved sulfide on the EAC mechanism
could be sufficiently increased by the synergistic effect of
various factors [12,18]. However, as the present work
does not provide sufficient evidence to evaluate the effect
of sulfide on the EAC mechanism, it is not fully
understood how much the sulfides contribute to the
enhancement of EAC. Therefore, additional tests on high
sulfur containing LAS are required to evaluate the effect
of sulfides on EAC behaviors of SA508 Gr. 1a LAS in
high temperature water.

5. CONCLUSIONS

1. The fatigue life of SA508 Gr. 1a LAS in deoxygenated
water at 310°C was shorter than that in air and depended
on strain rates. It is thought that the reduction in the fatigue
life is accelerated by EAC mechanisms.

2. From microstructure observation, evidence of metal
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dissolution, such as unclear ductile striations and the
blunt crack tip, were observed mainly at a strain rate of
0.008 %/s. On the other hand, evidence of HIC, such as
brittle cracks, flat facets, and micro-cracks, was observed
at strain rates of 0.04 and 0.4 %/s. In addition, fatigue
crack propagation with linkage between a blunt main
crack and micro-cracks was observed mainly at a strain
rate of 0.04 %fs.

3. From EDS analysis, high sulfur content was detected
on the surfaces of the holes which were the former MnS
inclusion site. In addition, brittle cracks around the holes
were observed. These could be the evidence of HIC
induced by the hydrogen absorbed in the interface of
inclusion and matrix, and the dissolved MnS inclusion
could contribute to acceleration of EAC mechanism.
Therefore, despite the low sulfur content of the test material,
the sulfides seem to contribute to environmentally
assisted cracking of SA508 Gr.1a low alloy steel in
deoxygenated water at 310°C.
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