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Introduction
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Nuclear power industry wishes to extend the lifecycle of currently 
operating nuclear power systems
Probabilistic risk assessment is required to ensure that nuclear power 
system components do not fail due to the extension of operating 
lifecycle
Stress corrosion cracking (SCC) is a primary degradation mechanism 
that affects Alloy 600 components in nuclear power systems

Current research lacks simple probabilistic frameworks that are able to 
model stress corrosion cracking behavior with uncertainty measures
Models proposed in research are deterministic and sometimes 
complex with many variables
Goals for new proposed model:

Simple
Physics-driven
Probabilistic
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Presentation Notes
The combination of two main points results in the motivation and rationale for this research. With the shift towards sustainable energy generation and zero-emission energy generation, nuclear energy has become a promising alternative to coal and oil due to the abundance of raw resources in comparison to the other energy types. However, this means that the safety and integrity of nuclear power plants have never been more important given the unforgiveable short and long-term consequences of nuclear power plant failures. Small failures may result in loss of power generation efficiency while larger failures may result in a radioactive release into the outside environment. SCC is a degradation mechanism that affects materials in nuclear power systems. Ultimately, this negatively affects the safety and integrity of these nuclear power plants and may cause high consequence failures. Today we are specifically looking at a nickel-based Alloy 600 which is used extensively in the steam generators. Since steam generators essentially act as a barrier between the radioactive material and the outside environment as I will be briefly explaining a little bit later, SCC becomes a critical degradation mechanism. Thus, understanding the SCC mechanism is essential to reducing the probability of unexpected failures with high or low consequences. Nuclear power industry wishes to extend the nuclear power plant lifecycle. 



Introduction: Project Approach
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Literature review to understand the proposed mechanisms 
and models that characterize stress corrosion cracking (SCC)

General SCC of Alloy 600
Specific SCC of Steam Generator Tubes

Develop a simple, physics-driven model to estimate the 
crack growth rate of stress corrosion cracking of Alloy 600 
with uncertainty measures

Develop a simulation process to propagate stress corrosion 
cracking using developed probabilistic model
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So how does this research approach this problem?The approach can be broken into three segments. The first is conducting a literature review to understand the proposed models and mechanisms that characterize SCC in general as well as the specifics of SCC in relation to steam generator tubes. This research looks at Alloy 600 steam generator tubes because it is the mechanical barrier between the radioactive material and the atmosphere.The second part of the approach is to develop a model to estimate the crack growth rate of stress corrosion cracking of Alloy 600 with uncertainty measures. This provides a probabilistic element to the crack growth rate models.The last part of the project approach is to develop a simulation process to propagate stress corrosion cracking in Alloy 600 using the developed probabilistic model. This process allows for the uncertainty measures in the form of distributions to propagate through to estimating component times-to-failure



Stress Corrosion Cracking
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[1]

Stress corrosion cracking can be defined as a delayed cracking 
mechanism which only occurs with the combination of: 
Susceptible Material, Corrosive Environment, Constant Tensile 
Stress
Can often cause catastrophic failure with little to no warning [2]

[3]
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As shown in the venn diagram on the left, SCC can be defined as a degradation mechanism that only occurs with the combination of a susceptible material, a corrosive environment and constant tensile stress. If any one of the three are missing from the scenario, the degradation can not be attributed to SCC. Typically, since the cracking is delayed, failures are often occur with little to no warning.



Adapting Existing Model
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MRP model developed by Hicking et al. from the Electric Power Research 
Institute [4] for PWSCC

SCC factors considered:

Temperature (Arrhenius relationship)

Constant Tensile Stress (Power-Law 
relationship)

aYK applied πσ=

σapplied – total effective stress
a – crack depth or length
Y – shape parameter
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Incorporation of Other SCC Factors
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pH is a property of the corrosive 
environment and has been shown 
to have an effect on SCC 
propagation rates [5] such that an 
increase of pH value increases the 
SCC propagation rate

Power-Law relationship is 
proposed for crack propagation 
rate dependence on pH

pH
Yield Strength is a property of the 
susceptible material and has also 
been shown to have an effect on 
SCC propagation rates [6], such that 
an increase in yield strength 
increases the crack propagation rate

Power-Law relationship is also 
proposed for crack propagation 
rate dependence on yield 
strength

Yield Stress
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Final Proposed Model
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PWSCC Propagation Model for Alloy 600 Components

[6]

[9]
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Final Proposed Model
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Bayesian Regression Analysis
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Estimate the model parameters using SCC propagation data
The posterior distribution for the model parameters is:
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Incorporates the uncertainty of the experimental data into the model parameters  Results provide marginal distributions of the model parameters



Bayesian Regression Analysis
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Stage I Model Parameter Marginal Distributions

Stage II Model Parameter Marginal Distributions
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Simulation Assumptions
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Simulation Conditions
Alloy 600 Material
High Temperature Primary Water
MATLAB code to model Steam Generator (SG) Tubes
Does not simulate regular inspection and maintenance

“Steam Generator Tube Rupture” versus “Failure”
“Steam Generator Tube Rupture” (SGTR) occurs when a crack 
substantially contributes to primary-to-secondary side leak rates 
exceeding certain amounts (100 gallons per minute) [7]
“Failure” in this simulation is defined as a 100% through-wall extent 
across the thickness of the steam generator tubes.
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Process Summary
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Set initial conditions

Sample model 
parameters 

Sample initial crack 
size and location

Propagate crack to 
failure

Build TTF 
Distribution

Aggregate all TTF 
Distributions

Initial Conditions
Crack Length/Depth Frequency
Crack Density
Total Constant Tensile Stresses
Steam Generator Operating Conditions
Model Parameter Marginal Distributions
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Process Summary
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Set initial conditions

Sample model 
parameters 

Sample initial crack 
size and location

Propagate crack to 
failure

Build TTF 
Distribution

Aggregate all TTF 
Distributions

Sample model parameters to formulate 
a deterministic model for crack 
propagation rate

Stage I
{C, n, m}

Stage II
{C, n, m, β}
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Process Summary
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Set initial conditions

Sample model 
parameters 

Sample initial crack 
size and location

Propagate crack to 
failure

Build TTF 
Distribution

Aggregate all TTF 
Distributions

Sample initial crack distribution for 
crack size and randomly choose a 
location for PWSCC

U-bend Region
Tube support plate interactions
Expansion Transition Region

Different total stresses at three 
locations due to varying amounts of 
residual stress
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Process Summary
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Set initial conditions

Sample model 
parameters 

Sample initial crack 
size and location

Propagate crack to 
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Distribution

Aggregate all TTF 
Distributions
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Process Summary
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Set initial conditions

Sample model 
parameters 

Sample initial crack 
size and location

Propagate crack to 
failure

Build TTF 
Distribution

Aggregate all TTF 
Distributions
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Discussion
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Results are dependent on 
simulation assumptions and 
initial distributions

Initial crack size distribution 
from inspection data at 11 years 
of operation

Not all cracks are in the crack 
propagation stage

Assume denting at tube support 
plates
Assume residual stresses are the 
same for all cracks in each 
location
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Discussion
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Before being able to estimate SGTR frequency using this 
model and simulation

Crack behavior after 100% through-wall extent
Implement a leak rate model for defined crack sizes
Consider regular inspection intervals and maintenance of SG tubes

Plugging
Sleeving

Process for SGTR Frequency
Determine leak rates for final crack sizes
Check for sudden increase of leak rate exceeding 100 gallons per minute
SGTR Frequency = 1 / Time of leak rate exceeding specified limits
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Discussion
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Suppose more than one crack with a constant leak rate within 
an hour time period is required to exceed the specified limit

Simulation provides ability to estimate the time required to reach 
specific limit (e.g. can be applied to estimate SGTR frequency)

2 Cracks

3 Cracks

4 Cracks
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Conclusion
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Explored the stress corrosion cracking mechanism in general 
and specifically for Alloy 600 steam generator (SG) tubes

Proposed an simple, probabilistic model based on physics-
driven relationships explicitly incorporating factors of SCC:

Stress
Temperature
pH
Yield Strength

Developed a crack propagation simulation process for Alloy 
600 SG Tubes in Primary Water conditions that predicts the 
time-to-100% through-wall extent with uncertainty measures
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Factors of Stress Corrosion Cracking
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Alloys Environments

Stainless 
Steels

- Chlorides
- Caustic
- Water + O2

Nickel
Alloys

- Hot caustic
- High temperature water
- Steam

Cooper
Alloys

- Ammonia
- Water vapor + SO2

Aluminum
Alloys

- Water vapor
- N2O4
- Alcohols

Titanium
Alloys

- Methanol
- Dilute HCl or H2SO4

[1]

[2]
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While susceptible materials of SCC can range from pure metals to ceramics, the materials are usually metal alloys such as stainless steels, nickel alloys, copper alloys and more. Corrosive environments are specific to certain materials and are usually aqueous. One of the properties that greatly affects SCC is the temperature of the bulk solution or environment…The greater the temperature, the greater the susceptibility to SCC or the more severe the SCC. The table to the right shows some examples of the material-environment pairs that are susceptible to SCC. Note that small changes to the meturallurgy or the environmental parameters also have effects on SCC susceptibility. These parameters include grain size, thermal treatment, yield strength, cold work, pH, solute concentration and more. These will not be discussed in further detail in this presentation.



Factors of Stress Corrosion Cracking
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[1]

Tensile stress required for SCC 
is of constant magnitude, 
usually less than macroscopic 
yield strength

Total constant stress is the 
arithmetic sum of:

Externally applied stress as a result 
of operating conditions
Residual stresses as a result of 
material manufacturing processes
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The tensile stress required for SCC is a constant stress, which is different from fatigue degradation, which involves cyclic stress. The required magnitude is usually less than the macroscopic yield strength, but in some cases, can be much greater due to residual stresses.So, the total effective stress contributing to SCC is the arithmetic sum of externally applied stress as a results of operating conditions, for instance the internal pressure of a pressure vessel and residual stresses as a result of material manufacturing post-processes. An example of that is work-hardening a component at room temperature to achieve a different shape. 



Steam Generator Tube Background
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104 nuclear reactors in the United States
35 are Boiling Water Reactors
69 are Primary Water Reactors

Primary Water Reactors
Two closed-loop systems
Primary loop uses primary coolant (high temperature water) to circulate 
heat energy from the radioactive material
Secondary loop uses treated feedwater to turn into steam for power 
generation
Steam generator acts as the connection between primary and secondary 
loops
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Steam Generator Tube Background
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[3] [4]

Primary Water Reactor
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Steam Generator Tube Background
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[3] [4]
Recirculating Steam Generator
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SG Mechanical/Environmental Properties
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[5]
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PWSCC Region Assumptions
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1 Yield strength is calculated assuming the 2% CW at expansion transition, 7% CW at TSP with a dent, 9% at U-bend
3 U-bend flaw density is estimated given flaw densities for expansion transition and TSP

[3]

[6]
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Initial Crack Size Distribution
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SG Commissioned in 1983 – data from 1994 inspection
Crack depth converted with aspect ratio assuming semi-
elliptical [0.24-0.35]

[5]

[7]
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