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ABSTRACT

The structural integrity of NPP components is properly assessed by the use of Fracture Mechanics in terms
of subcritical and critical crack growth. In the case of stress corrosion crack growth in welded components,
weld residual stress affects K value with crack growth. Negative dK/dt with crack advance is likely to
happen due to compressive residual stress. Theoretical analysis of crack tip strain rate for growing crack
suggested that crack tip strain rate can be strongly affected by dK/dt even though the analysis has a
limitation to applying non-steady state crack growth. Crack tip strain rate is critical in SCC; therefore, dK/dt
can affect the SCC growth rate. Hence, there are strong concerns about the effects of dK/dt on crack growth
in welded components where the K value can be increased or decreased with crack growth. In particular,
crack growth rate can be strongly affected when cracks grow under a negative dK/dt field. In this study, the
effects of negative dK/dt on SCC crack growth retardation behavior were verified based on the experimental
and theoretical works. Crack growth tests were performed to simulate crack growth under K decreasing
condition by use of CDCB specimens of Ni-base alloy 182 and a pressure vessel steel. Results on alloy 182
demonstrated a crack growth rate decreased when crack growth took place under K deceasing condition
and even crack growth stopped when the crack growth test was performed under rather high K decreasing
condition. Crack growth took place again when the test was followed under K constant condition. No crack
growth was observed on a pressure vessel steel even under K constant condition and crack growth
retardation behavior couldn’t be examined.

INTRODUCTION

The occurrence and progression of SCC is a major integrity risk factor in the long-term operation of
restarted LWRs (Speidel et al., 1988). In the past, SCC found by inspections has been evaluated and
maintenance standards have been applied to SCC propagation. Specifically, the evaluation of SCC growth
in LWR structural components has been based on data obtained from specific specimens in the laboratory
under conditions where the K value generally increases gradually (Andresen, 2007, Shoji, 1985, Shoji, et
al., 2010). On the other hand, from the viewpoint of the SCC propagation mechanism, theoretical studies
have been conducted focusing on the strain rate at the crack tip, which suggests crack growth and arresting
behavior in a decreasing K-value field (Shoji, et al., 2010). In welded structures such as in-core structures,
it is assumed that the K value increases or decreases with crack growth due to the residual stress field, and
clarifying the effect of the residual stress field on the crack growth rate will enable a more rational
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evaluation of the integrity. Negative dK/dt with crack advance is likely to happen due to compressive
residual stress (Andresen, 2007). Theoretical analysis of crack tip strain rate for growing crack suggested
that crack tip strain rate can be strongly affected by dK/dt even though the analysis has a limitation to
applying non-steady state crack growth (Shoji, 1985, Shoji, et al., 2010, Chen et al., 2018). Crack tip strain
rate is critical in SCC, therefore, dK/dt can affect the SCC growth rate (Shoji, 1985, Shaji, et al., 2010).
Hence, there are strong concerns about the effects of dK/dt on crack growth in welded components where
the K value can be increased or decreased with crack growth. In particular, crack growth rate can be strongly
affected when cracks grow under a negative dK/dt field. Negative dK/dt effects can be seen clearly when
da/dt is plotted as a function K under positive dK/dt or constant K condition, and negative dK/dt condition

as schematically shown in Fig. 1.
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Fig. 1 Schematic illustration of dK/dt effects on da/dt-K curves. da/dt may not be a unique function of K.

There can be two curves of da/dt — K diagram for different loading condition. One is under K
increasing or K constant condition and the other is K decreasing condition. A crack growth test can be
started at low K and then da/dt increase as K increase as shown as upper curve in Fig. 1. After K reaches
at certain level with K increasing mode, a test can be continued under K decreasing mode and da/dt-K
curve would be different from K increasing mode if there is an effect of dK/dt on crack growth rate as
shown as a lower curve in Fig. 2.

The present paper describes the results of an investigation of crack growth behavior of Ni-based 182
alloys and low-alloy steels fabricated from dissimilar joint specimens simulating in-core structural welded
joints in a simulated BWR environment under a decreasing K-value field based on the experimental and
theoretical works.

EXPERIMENTAL

Materials used in this study are Alloy 182 and LAS SQV2A (S:0.002 wt%) taken from mock-up
dissimilar metal welds of H9 core shroud support plate welds. The chemical composition of Alloy 182 and
SQV2A low-alloy steel are shown in Table 1. To examine the effects of dK/dt on SCC growth, a K constant
type Contoured Double Cantilever Beam (CDCB) specimen is used, and dK/dt is precisely controlled by a
precise load control system. SCC growth tests were performed in a simulated BWR environment at 288 °C
with 0.2 ppm dissolved oxygen. In-situ crack growth monitoring was performed using the reversed direct
current potential drop (RDCPD) technique. The final goal of this work is to evaluate the SCC growth
behaviour of dissimilar metal weld of 182/82/LAS, but before testing such a complex sample, rather a
uniform alloy 182 and LAS were tested to evaluate the suitability of the testing method for dK/dt effects
on SCC growth, particularly negative dK/dt effects on SCC growth retardation and arrest. Two specimens
are loaded in series in a test in an autoclave. Figure 2 shows the loading modes during the SCC test. Before
the constant load test, environmental fatigue pre-cracks were introduced at stress ratios R =0.3to R = 0.7.
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After environmental fatigue, a constant load test was conducted at K=40 MPa4/ m for over 2000 hours. The

specimens were then subjected to a K value reduction test, first at a K value reduction rate of -7.23 X 10°

MPay/ m/s from K=40 MPay m to K=35 MPay m in 192 hours, and then at twice the K value reduction

rate of -1.44 X 105 MPay m/s for 48 hours from K=35 MPay m to K=32.5 MPay m for 48 hours at twice

the K reduction rate of -1.44 X 10° MPay/ m/s. The test was then continued with the test mode under
constant load at K=32.5 MPay m.

Load

Cyclic load K decreasing test
=0.01Hz K constant test ~192h,-7.23*10°MPa M°sjs  ~48h.-

1.44°10
N by MPa M"S/s
K=40 MPa m?s K=40 MPa m®3
K=35 MPa m°5 / K constant test
P07, 760 cycles K=32.5 MPa m?*

Proax

0.7 Pay

05P

max

R=0.5, 580 cycles

03P -en

M R=0.3, 200 cycles
h

Figure 2 SCC loading of 182-alloy and SQV2A low-alloy steel specimens.
Table 1 Chemical composition of Alloy 182 and SQV2A low-alloy steel (wt.%).

Materials C si | mn| P s | cu|ni|cr Mo rel|T™ '\.'rb;
Alloy182 | 003 | 05 | 6.05 | 0.014 | 0.006 | 0.01 | Bal. | 13.8 | 6.9 | 6.9 | 0.72] 1.66
SQV2Alow | 47 1 026 | 1.4 |0.003| 0002 0.02 [065] 01 | 05 |Bal| - -
alloy steel

RESULTS AND DISCUSSION
Crack propagation behavior

Figure 3 shows the SCC crack growth response of Alloy 182 in constant load tests at K=40 MPay m.
SCC propagated at a fast growth rate of 5.19 X 10 m/s until about 600 hours, after which the growth rate
decreased to a stable rate of 1.77 x 10! m/s. This change in growth rate is likely due to the time-dependent
effect of active crack tip water chemistry after environmental fatigue. The change in the crack tip water
chemistry after environmental fatigue may be due to a change in the active crack tip water chemistry over
time, i.e., during environmental fatigue, bulk water containing dissolved oxygen is expected to enter and
exit the crack due to the crack opening and closing, and an active surface is formed during crack growth,
which can make the liquid in the crack quite active. Figure 4 shows the SCC crack growth response of alloy
182 in a simulated BWR environment during a K-value decreasing test from K = 40 MPay m to K = 32.5
MPay m. The SCC growth rate decreased from 1.77 X 10 m/s during the constant load test to 2.78 x 10-
12 m/s after the K decreasing test started. Then, when the K value decreased to about 37.5 MPay m, the
SCC propagation rate increased again, and while the K value decreased from K = 37.5 MPay mto K = 35
MPay m at a K-decreasing rate of dK/dt = -7.23 X 10 MPay m/s, the SCC propagation rate was 4.52 X
1012 m/s. After the K value reached K = 35 MPaJ/ m, the K value decrease rate doubled from dK/dt = -
7.23 X 10° MPay m/s to dK/dt = -1.44 X 10° MPay m/s. The SCC propagation response showed a
negative slope, which suggested that the SCC propagation may have stalled. Subsequently, during the
constant K test period at K=32.5 MPay m, the crack growth rate increased again to 6.31 X 1072 m/s,
confirming the resumption of the arrested SCC growth.

The obtained crack growth data of alloy 182 is summarized in Table 2. As can be seen clearly in Table 2,
CGR is strongly affected by dK/dt. There are two CGRs at dK/dt of -7.23 X 10 MPay m/sec because of
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some changes in CGR, even under a constant dK/dt condition. As a clear trend, larger -dK/dt results in
lower CGR. The apparent CGR is zero under a dK/dt of -1.44 X 10-° MPay m/sec.
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Figure 3 DCPD Crack propagation response of 182 alloy under constant load test.
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Figure 4 DCPD crack growth response of 182 Alloy under decreasing K value tests.

The apparent CGR is zero under a dK/dt of -1.44X10° MPay m/sec. The CGR at two constant load
conditions of dK/dt=0, the later CGR at K=32.5 MPay m is about one-half of the CGR at dK/dt=0 at K=40
MPay/ m. This can be attributable to a decrease in K from 40 to 32.5 MPaJ/ m, but crack arrest in the
previous test condition of larger -dK/dt might have had some influence on this CGR difference. Hence, it
is clear that a negative dK/dt slows down the SCC growth rate and potentially arrests SCC.

Table 2 Summarized results of crack growth rate under dK/dt condition in Alloy 182.

dK/dt (MPavm/sec) CGR (m/sec) K (MPavm)
0 1.39x 10 40
-7.23X10° 2.78X10*? 40->37.5
-7.23X10° 4,52 X102 37.5->35
-1.44<10°% 1.00x 1013 35
0 6.31 X101 325

Figure 5 shows the DCPD response of the low-alloy steel SQV2A base material tested simultaneously.
Figure 5a shows the crack growth data during the constant K test period at K = 40 MPay m. The DCPD
response shows a negative trend, indicating no crack growth, but after 2400 hours, the DCPD response
shows a nearly flat trend. After about 2700 hours, the load is shifted to a decreasing K value load mode.
The transition is detailed in the enlarged figure. Figure 5b shows the crack growth trend before and after
the transition to reduced K. Although a slight crack growth trend is observed at the final stage of the constant
K test, the growth rate can be calculated from the slope to be 1.98 x 102 m/s, which is equivalent to an
annualized growth length of about 63 um. As described below, post-test observation of the fracture surface
showed that no crack growth was observed in the SQV2A material under all conditions, including the
constant K test. This confirms that low-alloy steel with 0.002 wt% S exhibits extremely high SCC resistance
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in a simulated BWR environment with 0.2 ppm DO. Figure 6b also shows that the crack growth rate shows

a negative trend under decreasing K-value type loading and that no crack growth is observed at all. Although

there is a period when growth is observed, the overall trend is negative. In a subsequent test in which the K

value was decreased twice as fast (dK/dt = -1.44 X 10° MPay m/s), the growth rate showed a negative

trend as well. Even if we return to the constant K test at the final stage, the K value has decreased to 32.5
MPay/ m, and no growth trend is observed at all.
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Figure 5(a) and (b) DCPD response of low-alloy steel SQV2A base metal
Fracture surface morphologies

After SCC testing, the specimens were unloaded, cooled, and removed from the loading jig in the
autoclave. After surface observation, the specimen was split in half at the center of the specimen thickness.
One specimen was fractured by post-cracking and was subjected to fracture surface observation using a
stereomicroscope and scanning electron microscope. The other was resin-filled, and after polishing the
cross section, was used for metallographic observation of the crack tip.

Figure 6 shows the fracture surface of the Alloy 182 specimen observed by optical microscopy. The
fracture surface of the half-split specimen is half of the original thickness. The left end of the figure shows
the half-split surface, which was the center of the original specimen. As can be seen in the figure, the tips
of the atmospheric and environmental pre-cracks are relatively smooth, while the SCC fracture surface
exhibits comb-like crack growth, which has been well observed in the past. In other words, the crack growth
is not uniform from the environmental pre-crack tip but is highly non-uniform. The most extended crack
length is about 2.2 mm (near the center of the figure), and localized crack propagation of about 1.65 mm
and 1.24 mm is also observed.

SampleA, Alloy 182 5 Post crack area

Pre-crack in air

\ ~2200 ym

Wire cutting position

Figure 6 The optical images of the fracture surface of Alloy 182 specimen.
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Figure 7 The SEM images of the fracture surface of Alloy 182 specimen.

The results of SEM morphologies of the fracture surface of the alloy 182 specimen are shown in Figure
7. The crack propagation mode is 100% IGSCC along grain boundaries. Similar non-uniform crack growth
has been reported in many cases (Andresen, et al., 2008, Chen, et al., 2023), and deliberate loading
operations have been proposed to achieve more uniform initiation and growth. The ratio of the SCC-
generated thickness portion to the specimen thickness is referred to as the engagement and is used to
evaluate data quality as a crack growth rate evaluation. Since the results of this test were obtained without
any intentional loading operation, the engagement was 0.56. Since the evaluation of crack growth rate under
decreasing K-value is based on the comparison with the constant K-value test, it is judged that significant
results were obtained for the growth data. By magnifying the crack tip, we tried to distinguish between the
first stage of crack growth under constant K, the second stage of crack growth under decreasing K, and the
final stage of crack growth under constant K. However, the test time was not long enough to distinguish
between the two conditions, and the amount of growth in the latter two conditions was negligible, so we
could not distinguish between them.

The crack growth data shown in Figure 3 was discussed again based on the fracture surface observation
results, and alloy 182 exhibits comb-like crack growth and non-uniform crack growth in this test. Therefore,
even in the constant K value test, a difference in growth rate was observed between the early and late stages,
with a decrease in growth rate in the late stage. These behaviors can be inferred from the fracture surface
observations, which suggest that the non-uniform crack growth may have resulted in a discrepancy between
the true K value at the crack tip and the loaded K value, which may have promoted crack growth locally
(Shoji, 1985). Therefore, the overall trend of crack growth is that cracks that propagate under constant K
value slow down when the K value is reduced and stop when the K value is reduced at a higher rate. The
results presented here are limited tests and the test time is considered insufficient. Further experiments,
including longer tests, will be essential to confirm the behavior in the future.

) o » « H ’ £
" & T4+
Sample D, LAS, SQV2A (o K 85 Pn
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Figure 8 Optical microscopy of post-test fracture surfaces of low-alloy steel SQV2A.
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Figure 9 SEM observation of the fracture surface of Iow-alloy steel SQV2A after the test.

Figure 8 shows the fracture surface of low-alloy steel SQV2A after the test. Although the magnification
is low because of the optical microscope observation, the crack growth in the low-alloy steel is clear for the
atmospheric and environmental pre-cracks, while no crack growth is observed under constant and
decreasing K values. Figure 9 shows the results of detailed observation of the environmental pre-crack tip
using a scanning electron microscope. Even under high magnification, fatigue striations of post-cracks were
observed at the environmental pre-crack tip, and SCC fracture surfaces showing brittle facets inherent to
low-alloy steels were not observed. The metallographic observation of the fracture surface showed that the
environmental fatigue crack tip was blunted and filled with oxide, and no sign of SCC crack propagation
was observed.

Analytics on the -dK/dt crack arrest by Hall’s model

We try to use the Hall’s CGR model for the analysis of why the crack may be stopped under -dK/dt
situation. The following equation is the FRI model modified using the M. Hall crack tip strain field (Hall,
2008; Hall, 2009).

m

da Mi, (1/S)m{2_nﬁ(“_l<2)$i:f+ﬁiﬂ[ln(AK—Z)]Z_:%} (1)

dt =~ zpF(1-m) n+1E; \ro,? K n+1Eqr r g,2 dt

The nomenclature of the parameters can be found in other papers (Hashimoto et al., 2009). The equation
indicates that both K and dK/dt affect the CGR, and a large negative dK/dt may cause the above equation
to be unsolvable in the real number domain, which indicates that the degrading stress may stop the crack.
This model is believed to be more accurate compared to the FRI model (Shoji et al., 2010) as it reduces to
the Rice-Drugan-Sham (RDS) equation under the non-hardening material assumption (Ashby et al., 2018),
where n approaches infinity.

Mathematica was utilized to solve the above equation numerically to analyze the effect of K and dK/dt.
The parameters used are for 304 stainless steel except for r and m and can be found in the reference. The
reason for choosing 304 SS parameters is that it is a material well studied and it has a solid database for its
material properties, especially for parameters like passivation constant m or strain hardening exponential
number n. Although the material in the experiment is Alloy 182, this part of the analysis is qualitative and
should be universal to all metals and not limited to a single kind of metal. The difference in the metal
analyzed will only cause a difference in the quantitative result of the CGR.

Different r and m were chosen to analyze the CGR sensitivity to them, as these two parameters
significantly impact the behaviour of CGR, and their value can be hard to decide or estimate by experiment.
In CGR evaluation, a specific value of r called the characteristic radius, or ro, must be chosen to estimate
the real crack tip strain. Yet, there is no consensus on how this value should be decided. The typical value
chosen for ry can range from a dozen micrometers to hundreds (Chen et al., 2018). The parameter m denotes
the passivity of the material. Physically, it indicates how fast the passive film thickness varies with time
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after the crack propagates and base metals are exposed. K-dK/dt-da/dt diagram was rendered out with
different values of ro and m, and their effect will be discussed below.

Figure 10 shows the K-dK/dt-da/dt diagrams with different r values. The range of dK/dt is 10° to 10®

-0.5
MPa v m /s, and the range of K is (%ﬁ) to 30 MPay m. The choice of the lower range of K is to
y

2
guarantee a real solution to the equation, term In (% %) should be positive to avoid an imaginary solution.

y

2
The physical meaning of this requirement is that r should be smaller than % , Which is the radius of the
y

plastic zone. K and dK/dt are positively related to da/dt, which agrees with the experimental results.
However, a larger ro (lower estimation of real crack tip strain) may result in a higher CGR sensitivity to
dK/dt. In comparison, a smaller ro (higher estimation of accurate crack tip strain) causes a higher CGR
sensitivity to K. In extreme cases (r¢=10 or 300 um), CGR can be sensitive to only one of the parameters.
Figure 11 shows the K-dK/dt-da/dt diagrams with different m values. The value of m has a similar effect.

b) . —

Figure 10 K-dK/dt-da/dt diagrams with different ro values. a) ro= 10 um b) ro = 100 pm c) ro =200 pum d)
ro =300 pm. m=0.7 in this simulation.

3

Figure 11 K-dK/dt-da/dt diagrams with different m values.a) m=0.3b)m=05¢)m=0.7d)m=0.9. ro
=100 pm in this simulation.

b)

/5 85+10-10 MPa mA0.5/s
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Figure 12 da/dt-dk/dt diagram with ro = 100, m=0.7 and a) K = 15 MPay m, or ¢) K = 30 MPay m. b)
and d) are the enlarged area of red brackets in a) and c), respectively. The threshold dK/dt for the
minimum da/dt is -5.85 < 10° MPay m/s for K = 15 MPay m and -1.30 X 10 MPay m /s for K = 30
MPay m.

on CGR as r. The result shows that the faster the metal returns to a passive state after the crack propagates,
the more sensitive the material will be to dK/dt.

Furthermore, the behaviour of a negative dK/dt was carefully studied under two different K values. The
result suggests a threshold dK/dt value of -5.85< 10" MPay m/s when the K value is 15 MPay m (Figure
12 a-b). If the dK/dt becomes smaller than this threshold value, the equation no longer gives a real solution
of CGR, which suggests the crack may stop under this circumstance. It should be emphasized that when
dK/dt approaches this threshold, the CGR will not approach 0; instead, it will approach a finite value (in
this case, about 1< 10 m/s). If we increase the K to 30 MPay m, this threshold value of dK/dt will
increase to -1.30 X 10 MPay m/s (Figure 11 c-d), which means stopping the crack needs a more negative
value of dK/dt (a faster K decreasing rate). Therefore, the K value should be carefully chosen to study the
effect of dK/dt further.

Non uniqueness of crack growth rate as a function of K

As shown in Figurer 1, SCC crack growth rate may not be unigue function of K even though most of the
crack growth data in the past have been plotted as a function of K irrespective to any testing condition such
as K increase/K decrease loading condition, or specimen size and geometry which may affect dK/dt. Figure
13 shows the data plot of Table 2 in a form of da/dt — K diagram. As expected from Figure 1 taking
consideration of dK/dt effects on crack growth, non-uniqueness of crack growth rate as a function K is
demonstrated even though there need more data to draw any conclusive statement on the effects of dK/dt
on da/dt for more realistic evaluation of crack growth in plants under various residual stress condition. New
program is under planning for compilation of more SCC data on dK/dt effects on da/dt.
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Figure 13 Data plot of crack growth rate, da/dt obtained on alloy 182 under different dK/dt condition in
simulated BWR condition. Non uniqueness of crack growth rate as a function of K is demonstrated.

CONCLUSIONS

(1) SCC growth rate in Alloy 182 in simulated BWR water can be retarded and arrested under a certain
condition of -dK/dt with crack growth. Although the crack growth was comb-like and non-uniform, it
can be judged that the crack growth deceleration and arresting tendency were properly evaluated. In
SCC growth analysis in NPP welded components, these negative dK/dt effects on CGR should be
taken into consideration for better evaluation of SCC growth behaviour. The existing of minimum of
negative dK/dt for crack growth may explain the reason why the crack stopped even at a high K value.

(2) No crack growth was observed on a pressure vessel steel SQV2A with sulfur content of 0.002 wt %
even under the constant load condition of K=40MPay m and crack growth retardation behavior
couldn’t examined.

(3) There need more data to draw any conclusive statement on the effects of dK/dt on da/dt for more
practical evaluation of SCC crack growth in plants under various residual stress condition.
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