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Abstract

This paper provides a summary and analysis on the initiation of stress -corrosion cracking
(SCC) of Alloy 600 (and related alloys) and stainless steels in nuclear reactor environments
near 300 °C. Two processes seem to be comparable between traditional slip
dissolution/oxidation mechanisms and aging--related crystalline ordering. This paper evaluates
various supporting topics, including SCC initiation time, activation energy, stress/strain
rate/plastic deformation, electrode potential drop, rate--limiting step, long--term threshold
values, and data uncertainties. The understanding of Alloy 600 SCC is extended to stainless
steels. SCC mechanisms of nickel--based alloys and stainless steels are different from nickel-
I--based alloys at lower temperatures. Finally, this paper describes how this work would be
potentially considered in the nuclear industry.
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1. Introduction

Nuclear reactors have components made of Alloy 600, a nickel--based alloy. Stress-corrosion
cracking (SCC) has been observed over the past 20 years of reactor operations. Although the
propagation of SCC has been studied extensively, the long initiation time of SCC has had very
little attention. The material aging has long been studied, and crystalline disorder--to--order
state has been studied more recently. Recently, more attention has been directed to the effect
of crystalline ordering (i.e., ordering, unless otherwise specified) on reactor SCC.

With more traditional experience in Alloy 600, this paper presents a literature review and
analysis of several topics. With the crystalline ordering concept, this paper reconsiders relevant
traditional SCC mechanisms and data on Alloy 600 in nuclear reactor environments at, above,
or near 300 °C. It also includes related data on nickel-based alloys as appropriate because the
general SCC properties do not change substantially. In the analysis, important topics covered
include traditional SCC mechanisms, the crystalline ordering process, crack initiation time,
activation energy, stress/strain rate/plastic deformation, electrode potential drop, rate--limiting
steps, data uncertainties, - low temperature SCC, and long--term threshold values for SCC
initiation. Based on this review and analysis, this paper also discusses lower temperature SCC
(near 100 °C). On this basic frame of understanding, the present consideration is applied to
stainless steel. A separate section looks at some stainless steels used for nuclear applications.
Finally, this paper describes how the information is applied across the nuclear industry.

2. Data on SCC Initiation Times of Alloy 600 (or Related Nickel--Based Alloys) in the
Literature and Nuclear Reactor Operations

The table below summarizes relevant data that are discussed in this paper. The data include
results from laboratory tests, nuclear reactor operational experiences, and interpretations of all
information for safe reactor operations. All data were obtained in water, except for the creep
test, which were obtained in air (Arioka, 2015). The data focus on the following:

source
alloy type

environment

SCC test temperature (°C)

SCC initiation time (year)

activation energy (kilojoules per mole (kJ/mol))
preaging for crystalline ordering transformation
stress present

remarks

The section below provides detailed data interpretation and discussion.



Summary of Literature and Reactor Data on SCC Initiation Time in Nickel-Based Alloys

(mainly Alloy 600)

Author Content

Scott Alloy 600; reactor environment; 280 to 320 *C—17 to 27 reactor years, minimum

(2018) failure time of 0.7 to 10.4 years (minimum 1.14 years at 325 degree C and 450
megapascals (MPa)), reactor, varying temperature and stress, no preaging;
308 kJ/mol, example cases

Moss et Nickel-33 chromium; reactor water; 313 *C—0.033 year; 33 MPa m'?; preaging

al. (2018) | at 475 "C—0.02 year (ordering initiation, continued to grow ordering)

Yoo etal. | Alloy 600; reactor water; 315 and 340 ‘C—0.02 to 0.06 years, preaging 400 ‘C—

(2018) 0.13, 0.26 years (ordering propagation); as-received, 0.04, 0.06 years; slow
strain rate test

Andresen | Alloy 600; deaerated and demineralized, and hydrogenated water; 360 ‘C, 0.004

and Chou | to 0.13 years, 325 °C, 0.04 year; no preaging; constant load (greater than yield

(2018) stress)

Zhai et al. | Alloy 600 (690); reactor primary water; 360 °C—0.14 to 0.85 year (cold

(2015) work/stress dependence); no preordering

Arioka Alloy 690; reactor primary water, air; 360 to 465 'C; 450 °C—0.34 years (air),

(2015) 360 ‘C—3.0 years (water), 1.9 years (air), 320 °C—3.4 years (water); no
preaging; the only air data included

Scott Alloy 600; reactor environment, 6 to 11.4 years, no preaging; operating

(2013) experience

Yonezawa | Alloy 600; reactor water; 332 °C—1.3 to 1.9 years; no preaging; round robin test

(2013)

Richey Alloy 600; high -purity water with hydrogen; 360 ‘C—0.23 year; no preaging;

and 550 MPa

Morton

(2005)

Grimmel Alloy 600; reactor water; 275 to 315 “C—11 to 24 years; no preaging; reactor

and operational experience

Cullen

(2005)

NRC

Casagne | Alloy 600; deaerated with hydrogen; 316 ‘C—0.77 years, 288 "C—7.7 years;

et al. 212 kJd/mol; no preaging; U-bend —U-bend and C-ring (385 to 840 MPa)

(1992)

Economy | Alloy 600; demineralized and hydrogen-containing water; 333 ‘C—2.5 years;

et al. 179 kJd/mol; no preaging; U--bend

(1987)

Garud Alloy 600; high -purity water; 350 °C—0.114 to 1.14 years, 290 ‘C—0.228 to 11.4

and years; no preaging; 210 to 525 MPa; model

Mcliree

(1986)




3. Interpretation and Analysis

Alloy 600 has a typical composition of 72 nickel (Ni)-(14—17) chromium (Cr)—(6—-10) iron (Fe) (in
weight %) and is fabricated by mill-annealing, is plastically deformed, or both. The nuclear
reactor components made of Alloy 600 include steam generator tube, instrument nozzle, and
heater thermal sleeves. Other new alloys, such as Alloy 690, are also being used. The service
environments are mainly deaerated/demineralized water, typically with an oxygen level less
than 10 parts per billion (ppb) and often hydrogenated with hydrogen gas. The temperature
ranges around 300 °C, often higher for accelerated tests, to simulate longer time service at a
lower temperature. SCC initiation time is the primary focus of this paper.

3.1 Important Stress-Corrosion Cracking Mechanisms

Slip dissolution (Ford and Andresen, 1988; Andresen and Ford, 1985) and oxidation (Shen

et al., 2018; Capell and Was, 2007; Scott and Le Calvar, 1993) are two commonly known SCC
mechanisms and models. These two models are interchangeable. Other mechanisms and
models include electrochemical potential (Staehle, 2001), creep (Arioka, 2015; Yi et al., 2013;
Angeliu et al.,1995) at temperatures above 350 °C, and electrochemistry (Lee and Macdonald,
2018). In the slip dissolution model, passive film forms with a very low -dissolution rate and film
ruptures by strain to exposed bare metal surface for fast dissolution.

Normally, strain rates are compared with a repassivation rate. If strain rates (in log scale) are
faster compared with repassivation rates (in log scale), mechanical failure occurs. If strain rates
are slower, metals will dissolve very slowly by passivation. Additionally, strain rates in a certain
range may harmonize with dislocation (or other defect) dynamics for crack propagation once the
crack is initiated. Therefore, under optimum ranges of strain rates, SCC would occur (Jones,
1992; Ugiansky and Payer, 1979). Under static stress conditions, stress above yield stress is
normally regarded as dynamic (like strain rate) because of dislocation mobility, which may
promote SCC. It is noted that the yield stress decreases at elevated temperature.

The oxidation model is based on oxide formation, especially in grain boundaries, being
subjective to cracking. The creep model would occur at grain boundaries by cavity formation
induced by point defect mobility. The electrochemistry model is based on the localized
electrochemistry. It is noted that many data showed intergranular stress-corrosion cracking
(IGSCC). However, there were exceptions that showed IGSCC occurred beneath to crack
surface dimple cracks (Kim et al., 2015; Angeliu et al., 1995). This is considered to be caused
by high stress applied on the crack surface, which then forms dimple cracks and IGSCC at
lower stress below the cracked surface.

3.2 Crystalline Ordering Process

Very recently, the crystalline ordering process at high temperatures from a disordered state at
ambient temperature has been considered a factor in influencing Alloy 600 SCC (Moss et al.,
2018; Kim et al., 2015). The ordered phase is more brittle and harder compared with the
disordered phase. Although the NRC identified and evaluated disorder-to--order phase
transformation years ago (Dunn et al., 2004), direct consequence is recently being addressed.
Some ordering kinetics of nickel-based alloys have been reported (Jackson et al., 2018), but
detailed understanding of SCC is very limited. In this regard, the author of this paper recently
proposed initiation kinetics of the ordering process in an NRC report, “Nucleation Kinetics of
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Crystalline Ordering in Alloy 600 at Elevated Temperature” (Ahn, 2018), which is supported
by NRC peer review. A short summary of the work is presented below. The presentation in this
paper is an initial attempt to connect the ordering process with other SCC mechanisms.

Fig. 1 presents numerical exercise results of the model of time--temperature--transformation
(nucleation or initiation) for the ordering process in Alloy 600. The measured activation energy
was 190 kJ/mol from differential scanning calorimetry (Kim et al., 2000). A schematic
accompanies the Fig. 2 to compare with the traditional Arrhenius type. The NRC report (Ahn,
2018) contains the details of the numerical values from the calculation. The model results are in
agreement with two existing databases (Stephen et al., 2018; Young et al., 2013) and a
computer code exercise based on different chemistry representations (Young et al., 2013).

Nucleation time is written with respect to a measured reference time (Ahn, 2018) as follows:
AG x exp (AG/[RT]) x exp (En/[RT]) (Eq. 1)
where:
AG’is activation energy for nuclei population and is a function of temperature
(Ahn, 2018).

En is activation energy for atomic diffusion for transformation.

Section 3.9 of this paper discusses more details. The nucleation time is proportional to the
exponent of activation energy. This means that the sensitivity is very high.
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Fig. 1. Time--temperature--transformation C-like curve from Eq. 1 for Alloy 600 (Source:
Ahn, 2018).
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Fig. 2. Traditional linear Arrhenius plot, (a) and (b) for Alloy 600. Actual numerical values given
near linear plot. The nucleation times (a) and (b) can be larger or shorter than the curve (as in
Fig. 1), which can be an overestimate or underestimate. Also, the nose of the C--like curve is
not represented.



3.3 Crack Initiation Time

The purpose of Fig. 1 is to compare the calculated times for nucleation of ordering with the SCC
data bases listed above. The data above are selected at the very beginning of SCC to be
comparable with the numerical model exercise results (i.e., nucleation) in Fig. 1. Compared
with the calculated ordering nucleation time above, the observed SCC data above are mostly
the same or shorter in the uncertainty range. However, there are three exceptions of longer
times than the calculated nucleation times. The first exception is pre-ordering treatment and
SCC testing in water (Moss et al., 2018). The SCC initiation time was much shorter than
ordering time, and SCC did not occur without pre-aging. The second is creep data

(Arioka, 2015) at higher temperatures. The time for SCC cracking is also longer. It is noted that
cracking occurred in air under applied stress. The third exception (Yoo et al., 2018) is SCC
data, including prolonged aging (longer time including growth in addition to the order
nucleation). The times for the aged sample showed only a slightly shorter time than the unaged
sample. Most of the data above have tests from no prior aging (ordering), except two with prior
aging (Moss et al., 2018; Yoo et al., 2018). Also, all tests were done in water, except the creep
test, which was in air (Arioka, 2015).

Therefore, the implications of this correlation are that both slip dissolution (or oxidation) and
ordering could be involved in the SCC initiation. Further, they could occur simultaneously or
sequentially. Other sections of this paper present more considerations.

3.4 Activation Energy

Léonard (2010) summarized activation energy for SCC initiation of Alloy 600 in the range of
165-230 kJd/mol. In a more recent review, especially in reactor, the value could be higher
(Scott, 2018). Similarly, the activation energies for the ordering process of Ni-Cr-Fe alloys are
reported to be 135-275 kJ/mol (more likely, 135-205 kJ/mol) (Young et al., 2013) and 144—
225 kJd/mol (Dunn et al., 2004). Both activation energies vary depending on variations in alloy
chemistry and crystalline defects (e.g., point defects), secondary phase formation

(e.g., carbide), or the fabrication process (e.g., temperature, time, and stress). All these
variations sensitively affect the nucleation time of Eq. 1 because the time dependence on
activation energy is exponential. If the numerical values calculated are within the order of
magnitude of measured values, the exercise is regarded as successful because of these high
exponential sensitivities. This is one reason why the SCC data are also presented as a
distribution of values rather than a single value (Staehle, 2001).

For slip dissolution or oxidation models, the activation energy for oxidation (e.g., nickel) is closer
to those for SCC initiation and ordering. For example, the activation energy for nickel oxidation
requires 154 kJ/mol (250-500 °C) (Unutulmazsoy et al., 2017); 184 kJ/mol (816-1371 "C)
(Progen and Lewis, 1964); and 221 kd/mol (900-1300 °C) (Rosa, 1982). These values are
comparable with activation energy for ordering. The activation energy for chromium oxide is
higher (Kofstad, 1972). Therefore, it is expected that the initiation times for ordering and nickel
oxidation (i.e., slip dissolution or oxidation models) could be comparable. As noted above, this
level of activation energy also will affect the initiation time very sensitively within the uncertainty
range. Itis generally understood that intergranular carbides favor SCC. Park et al. (1994)
claimed that the activation energy for carbide formation in Alloy 600 is 140 kJ/mol for a

water -quenched specimen and lowers further with plastic deformation. Even with this level of
activation energy, it will take a long time to nucleate carbides at lower temperatures. Higher



activation energy for the topographically close -packed phase (TCP) and carbide formations is
also reported to be greater than 260 kJ/mol for nickel-I-based alloys (Bechtel SAIC Company,
LLC, 2004). -Subsequent tests show that this activation energy is related to the ordering
process (Kim et al., 2000) and that the form of intergranular carbides may assist ordering in
Alloy 690 (Mouginot et al., 2017). Increased carbon concentration actually slows down ordering
(Kim et al., 2000).

With regard to the activation energies stated above, the energies are mainly supplied by thermal
means (i.e., temperature rise). Ahn (2018) presents the magnitude of alternative energies such
as stress in the absence of significant thermal energy (i.e., at low temperature). The exercise
results state that about 10,000 MPa stress is needed to activate the above-mentioned kinetics
of ordering or SCC without thermal energy. Therefore, it is very unlikely that the reactions
above would happen at low temperatures in a short timeframe.

The activation energy for SCC propagation of Alloy 600 is generally about 60 kJ/mole less than
the activation energy for SCC initiation. As analyzed above on stress contribution to the
activation energy, the bulk stress (either from ordering or residual stress) can contribute to crack
formation heterogeneously in thin oxide film or grain boundaries, effectively increasing the local
stress. However, the energy input associated with stress for oxidation or ordering is
insignificant compared to the thermal energy (Ahn, 2018). High temperature is still needed even
in the presence of any stress for SCC to occur. Another more likely contributor to the activation
energy is from any increase of anodic potential from crevice (localized corrosion principle) or
ordering (Furuya and Motoo, 1976). Cracks were observed in the crevice of the steam
generator of a nuclear reactor.

The energy associated with potential is written by:
Energy=nxexF (Eq. 2)
where:

n is charge transfer valence,
€ is electrode potential, and
F is Faraday constant (Capacitant).

This Eq. can also be written by Volt (V) times Coulomb. Using an example for nickel--based
alloys, 0.25 V and n = 2 (SNL, 2007), the energy is approximately 50 kJ/mole to assist crack
nucleation. As used by Shukla et al (2006), the polarization by 0.7 V (with respect to
repassivation potential) will result in 140 kdJ/mole, closer to the thermal activation 140 kJ/mole,
closer to the thermal activation energy. This level of energy, 0.25 V, is also similar to lower
activation energy for SCC propagation compared to the SCC initiation. Once the crack
propagates, the electrode may keep lower potential. This electrochemical potential effect on
SCC is also consistent with the NRC’s evaluation (Stahle (NRC), 2006; Staehle, 2001). More
recent studies of SCC propagation by Lee and Macdonald (2018) adopt this approach too at
lower temperature. It appears that stress/stress intensification determines electrochemical
conditions (e.g., geometry) rather than supplying direct energy. This could be another reason
why the crack growth rate is generally independent of stress/stress intensification factor.



3.5 Stress, Strain Rate, and Plastic Deformation

Special Metals presents a database on time--temperature--stress for rupture. It is generally
known as the Larson Miller correlation. The database provides a temperature—stress relation
above 510 °C for up to 11.4 years. This correlation is extrapolated to 315 °C by a simple
Arrhenius correlation. This extrapolation provides approximately 160 MPa from an initial

510 MPa; approximately 110 MPa from an initial 350 MPa, after 11.4 years. Therefore, the
residual stress is likely to be present after reactor operations of longer than 10 years. There
may be some stress generation during the ordering process from lattice contraction. Young

et al. (2013) measured the compressive stress development up to greater than 200 MPa in
1.14 years and suggested that heterogeneous planar slip may occur. However, so far there
was no crack development observed in air from the ordering -related process (e.g., in air)
without applied stress. Any heterogeneous stress distribution from the compressive stress
(Young et al., 2013) developed could have led to cracks during the aging practices in air for
ordering studies without involving water, but no cracks were observed. In water, yield stress is
known to initiate/propagate SCC cracks, and the yield stress decreases at higher temperatures
over a longer time, as discussed in relation to stress relaxation/creep (i.e., the Larson Miller
correlation) (Special Metals). Potential ordering increases hardness, which in turn increases
yield stress, possibly resulting in being less prone to SCC.

The effects of stress on SCC have been studied. In general, the SCC initiation time is inversely
proportional to the “n"” (where n is an integer greater than 1) power of stress (Scott, 2018).
This relation is derived here by nucleation kinetics for ordering (or broadly oxidation too) in
terms of stress (or stress intensification) as a driving force for nucleation (Ahn, 2018). Actual
data by Vaillant and Le Hong (1997) report that the SCC initiation time is more independent of
the plastic strain (above 5 %) and considered infinite at no plastic strain. In stress—SCC
initiation times measured, similarly, the log initiation time is correlated to linear stress, but the
dependence on stress is weak (Casagne et al., 1992; Special Metals). This is understandable
because the “nth” power dependence is a very steep slope.

The strain rate effects were discussed above in Section 3.1. There are optimum conditions of
strain rate under which SCC would occur (Jones, 1992; Ugiansky and Payer, 1979),i.e.,
harmonization. These optimum ranges are harmonics of repassivation rate, mechanical failure,
dislocation (or other defects) dynamics, or other intrinsic solid properties (e.g., internal friction,
Anderson, et al., 2017). Based on these understandings, in the SCC initiation state, the static
loading cannot be simulated by dynamic loading (slow strain -rate tests) as a time -acceleration
method. As mentioned in Section 3.1, under static stress, the closest initial condition for crack
initiation/propagation is yield stress. It is likely that slow strain -rate tests are only used as SCC
screening tests. More broadly, each temperature also has a unique energy level, which can be
converted to its own frequency. Increasing temperature in a range provides a more harmonic
frequency. This is the reason why SCC occurs in a certain range of temperature over a given
time period.

In the ordering transformation, plastic strain is known to slow down the ordering process
because the plastic strain makes the disorder state more severe. Young et al. (2013) reported
that cold worked material tends to show higher apparent activation energy to approximately
200 kJ/mol from furnace cooled material, and approximately 155 kd/mol for high chromium
model binary alloys. Therefore, it is expected that plastic strain will delay the ordering process.



3.6 Electrode Potential Drop, Rate-Limiting Step, and Data Uncertainties (Statistics)

Past reactor SCC studies have emphasized the significance of electrochemical potential (Stahle
(NRC), 2006, Staehle, 2001), as mentioned above in Section 3.4. Generally, ordered anodic
oxide forms in many metals, such as aluminum and titanium. Further, the reverse of order-to-
disorder phase with anodic potential was reported in metals (Furuya and Motoo, 1976). In this
regard, the ordering process may induce electrode potential change. In reactor operations,
SCC initiates in the crevice area. In the crevice, the electrode potential is polarized because of
the occluded water chemistry that is different from the outside water. In an actual SCC (slow
strain rate) test of nickel-based alloys at near to 100 °C, SCC was initiated only under
electrochemical polarization, ~ 0.7 Volt (from repassivation potential, Shukla et al., 2006). A
slow strain-rate test of Alloy 600 showed SCC in the absence of oxygen at 360 °C (Kim et al.,
2015), implying the electrode potential change, while crystalline ordering was also observed.
Lastly, it is well known and practiced that hydrogen dissolved in reactor water suppresses the
SCC initiation. Hydrogen is considered to alter the electrode potential. In the data presented
above in Section 2, Table, the inclusion of hydrogen in water was mentioned whenever used.
From these studies, it can be deduced that (1) the ordering process alters electrode potential,
or, alternately, (2) the oxidation alters electrode potential. Both oxidation and ordering may
promote the SCC initiation. As the ordering or oxidation times seem to be closer, both seem to
be possible as of now. Additionally, TCP and carbide formation may assist/come together with
ordering or oxidation over the long term at a lower temperature, as mentioned above.

Crack initiation rates involve several steps. These steps are related either in series or in
parallel. In the series relation, the slower rate controls the overall observed rate. In the parallel
relation, the faster rate controls the overall observed rate. In a simple case of SCC initiation,
one can consider steps of ordering, oxidation, crack formation (e.g., film rupture), and crack
propagation. The ordering or oxidation could occur in series (in both ways), alternately, or
simultaneously, depending on water chemistry and temperature. As mentioned earlier in this
paper, the activation energies are similar for both cases, potentially leading to similar SCC
initiation times.

Finally, the data uncertainties are large because of the exponential dependence on the kinetics
involved. The exponent activation energies are affected sensitively by alloy chemistry and
crystalline defects (e.g., point defects), secondary phase formation (e.g., TCP/carbide), or
fabrication process (e.g., temperature, time, and stress). This is the reason that statistics are
also used in the data interpretation (Staehle, 2001).

3.7 Low -Temperature Stress Corrosion Cracking

For low temperatures, SCC of Alloy 600 below 100 °C can be estimated by extrapolating the
nucleation kinetics obtained at higher temperatures. The estimates can be very long times
(Ahn, 2018; Stephen et al., 2018; Young et al., 2013). There is low activation energy measured
at lower temperatures of 25—-300 °C in sulfuric acid, with 200 ppb oxygen for sensitized

Alloy 600 (Andresen, 1993). The activation is very low (e.g., 20 kd/mol), and there was a
maximum crack propagation rate at around 180 °C. This peak is normally associated with
maximum oxygen dissolved, indicating that electrochemistry is involved other than thermal
effects. Of course, the SCC mechanism is different from the reactor case, especially under
more oxidizing conditions. It is also noted that sensitization occurred with acceleration at higher
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temperatures in just a short time. It is possible that this sensitization may occur at lower
temperatures for a very long time.

3.8 Stainless Steel

For stainless steel, it is rare to find the SCC initiation time at above 300 °C. Recent studies on
SCC propagation of cold-worked 316 and 316L stainless steel showed a few hundred to

2,000 hours (less than 0.23 year) before crack propagation at 325 °C and 288 °C, respectively,
in water containing chloride, oxygen, and hydrogen, and their combinations (Du et al., 2016).
Aoki et al. (2018) tested 304L and 316L stainless steel at 288 °C for 14,000 hours (1.6 years)
under a creviced bent beam. No SCC initiation was observed except in one sample of the 316L
steel.

However, substantial data on failure times exist at temperatures below 100 °C in
chloride--induced SCC of 304 stainless steel in water with air. In these cases of the applied
static stress (approximately 100-500 MPa), the times are less than 1 month (0.08 year) (Xie
and Zhang, 2015; Nakayama and Sakakibara, 2013; Mayuzumi et al., 2008). The differential
scanning calorimetry data shows 234 kJ/mol activation energy for 316L stainless steel needed
for lattice-order phase transformation (Kim and Kang, 2016). This range of activation energy is
equivalent to stress (in terms of energy) far more than the stress used in these SCC tests. The
details on the stress required at lower temperature was presented along with this paper (Ahn,
2018). This means that the lower temperature SCC mechanisms for stainless steel are different
from potential SCC mechanisms at higher temperatures. For example, as introduced above
Lee and Macdonald (2018) and Shukla et al (2006) presented the electrochemical process at
lower temperatures. He et al (2014) presented chloride-induced SCC of U bend specimen of
stainless steel including no sensitization under relative humidity of 44 % at 45°C. Both pitting
and subsequent SCC occurred. Earlier work and review by Wang et al.(1995) and Pickering
(1986) showed that at the bottom of pit crack formed with solid corrosion product in austenitic
stainless steel in chloride solution. He added a local electrode potential inside was ~ 0.5 Volt (~
100 kJ/mol) as aforementioned, suggesting a significant contribution to crack nucleation.
Finally, it is noted that the crack initiation time is exponentially related to the potential (Wada et
al., 2013; Nakayama and Skakibara, 2013). Due to this sensitivity, below a threshold potential,
SCC did occur in the laboratory test time

3.9 Long-Term Threshold Value for Stress-Corrosion Cracking Initiation

There is literature stating that SCC initiation time is inversely proportional to the “nt"” power of
stress. The reported “n” values are about 2—-6. There has been no mechanistic explanation for
why such relation exists. Nucleation mechanism is the first potential explanation for the stress
(equivalent to driving force, energy, explained below with Gyv) dependence shown in Eq. 1.

In assessing long--term initiation of SCC, another remaining question is whether the laboratory
measured threshold values (e.g., temperature, stress, stress intensification factor,
electrochemical potential for a cracking rate--limiting precursory pitting) are valid over a long
timeframe. One way to check is to scale down the variable, as shown above in an example on
stress effect. The variable is approximated in inverse “nth” power and exponential, both in
incubation time, as shown in Eq. 1. The initial nuclei population time in more detail (Ahn, 2018)
is given in Eq. 1.

AG" x exp (AG/[RT]) x exp (Em/[RT]) (Eq. 1)
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where:
AG’ is activation energy for nuclei population and
Em is diffusivity for atomic movement for transformation.

AG'is, in turn, the “n®” power for Y3 /G,?, where Y, interface energy and Gy driving force. The
driving force can be thermal energy (i.e., temperature, stress, and other) (Ahn, 2018, 1996).
The apparent activation energy is the sum of the values of AG™ and En, and the apparent values
are measured during SCC kinetic studies at various temperatures.

This exponential in Eq. 1 is mainly from determining substantial initial population of stable
nuclei. Under these conditions, the initiation times will increase rapidly as parameter values
decrease below threshold values. For example, the driving force, G,, is proportional to the
square of stress intensification, K. The activation energy, AG, is, in turn, inversely proportional
to the 4™ power of K. Therefore, if the K value is lowered below the threshold value by a factor
of 2, the incubation time will be very long, with 190 kJ/mole activation energy. This does not
include the time increase from the pre-exponential term in Eq. 1. Nuclear and other industries
experienced SCC of stainless steel with very long incubation times of 10-20 years (Chu

et al., 2014). Until the K value becomes bigger, cracks may not initiate at lower temperatures.
At low temperatures, such situations may occur with pit growth with chlorides. It is likely that the
most significant and sensitive contributor in cracking time is crack (such as slip or void)
formation energy, especially when the stress or stress intensification factor is low (e.g., stress
below yield stress). These example exercises of threshold stress values can be extended to
other involved variables, such as pitting potential, pit depth, or creep rate, as rate--limiting
precursory steps for crack formation over a long timeframe.

3.10 Potential Applications

The studies presented here would be considered for long-term issues in nuclear energy
systems. This approach could be more efficiently considered with inspections (if possible) and
a probabilistic approach (Ahn, 2013; Staehle, 2001). Alloy 600 was chosen because it has
more controlled data. The analysis made here would potentially apply to other nuclear
component materials, including stainless steel, carbon steel, and zirconium alloys.

4. Summary

(1) This paper summarized initiation times of SCC in Alloy 600 (and related alloys) in
simulated or real reactor environments near 300 “C.

(2) An analysis was conducted and summarized. For this purpose, important traditional
SCC mechanisms were also summarized.

(3) This paper referenced a crystalline ordering process from Ahn (2018). The initiation
times for the ordering process were somewhat comparable to the traditional SCC
initiation times.

(4) Traditional mechanisms, such as slip dissolution or oxidation models (along with

carbide/TCP), were proposed to occur nearly simultaneously with the crystalline ordering
mechanism. To support this proposal, other observations were also evaluated, including

12



activation energy, stress/strain rate/plastic deformation, electrode potential drop,
rate- -limiting step, data uncertainties, and long--term threshold values.

(5) The review and analysis made in nickel-based alloys is extended to stainless steels,
which are also widely used in nuclear industry.

(6) Based on this review and analysis at higher temperatures, this paper also addressed the
understanding of SCC at lower temperatures. Lower temperature SCC of nickel-based
alloys and stainless steels has different mechanisms compared to SCC at higher
temperatures.

(7) Finally, the paper described how the current work would be applied in nuclear industry.
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