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Irradiation-assisted stress corrosion cracking is a costly degradation mechanism for
austenitic stainless steel components in nuclear reactors. This cracking phenomenon involves a
complex interaction between the microstructure of the irradiated steel, the high temperature water
environment, and the stresses applied to the material. The exact mechanisms involved in this
cracking mode are not fully understood.

The series of experiments described in this document are intended to elucidate the
relationship between these variables in irradiation-assisted stress corrosion cracking. The
experiments are generally focused on austenitic stainless steels irradiated in pressurized water
reactors allowing high-quality and relevant research to be performed. In some experiments, such
materials available at Westinghouse Churchill Site were machined into specimens and sent to the
University of Michigan’s Irradiated Materials Testing Laboratory for mechanical testing in
simulated reactor coolant conditions. The influence of applied stress, radiation dose, and high
temperature water chemistry on both crack initiation and propagation is studied. Crack initiation
and growth studies will be conducted in high temperature water containing either LiOH or KOH
additions (otherwise the environments will be the same, including pH) which will determine if
cracking behavior differs in the presence of the two different alkali ions.

The results of these experiments provide insight into the conditions required to initiate and

propagate IASCC. This understanding is beneficial to the nuclear industry, where mitigating



maintenance costs associated with IASCC could provide substantial economic benefits. It can also

inform the design of future reactors to avoid this failure mode.
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Acronyms & Abbreviations

AES Atomic emissions spectroscopy

AOI Area of Interest

BWR Boiling water reactor

CERT Constant Extension Rate Test

CGR Crack growth rate

CNC Computer-Numeric Control

DCC2 DC Cook Unit 2

DCPD Direct current potential drop

DOE Department of Energy

dpa Displacements per atom

ECP Electrochemical potential

EDS Energy-dispersive X-ray spectroscopy

IASCC Irradiation-assisted stress corrosion cracking

IG Intergranular

IMTL University of Michigan Irradiated Materials
Testing Laboratory

K Stress intensity (MPa vm)

LOM Light optical microscopy

LPBF Laser powder bed fusion

LWR Light water reactor




NSUF Nuclear Science User Facility
OES Optical emissions spectroscopy
OPS Oxide polishing suspension

PWR Pressurized water reactor

RA Reduction in area

RCT Round compact tension specimen
RIS Radiation-induced segregation
SEM Scanning electron microscope
SCC Stress corrosion cracking

SSRT Slow strain rate test

TEM Transmission electron microscope
TG Transgranular

uT Ultrasonic test

UTS Ultimate tensile strength

YS

Yield stress




1.0 Introduction and Motivation

The nuclear reactor environment is a harsh one for materials. In commercial power reactors
this environment includes high temperatures, intense radiation fields, and contact with potentially
corrosive coolants. Austenitic stainless steels were chosen as the primary material of construction
of light water reactor (LWR) internals in this environment due to excellent corrosion resistance,
favorable fabrication processes, high fracture toughness, and radiation tolerance. In spite of these
favorable initial properties, many years or decades of service in close proximity to the nuclear
chain reaction occurring in nuclear fuel assemblies in the reactor core can cause degradation of
material properties and performance. Ultimately, this degradation can result in brittle failure of
the normally ductile austenitic stainless steels. This unexpected type of failure mode is detrimental
to the performance of nuclear power plants.

The author’s professional experience as a metallurgist at Westinghouse Electric Company
has dealt directly with attempting to understand, predict, and prevent the occurrence of such brittle
failure in nuclear power plant components. The author has performed both fracture mechanics
analyses on hypothetical flaws in power plant components as well as failure analyses on
components which failed in service in nuclear power plants, in addition to numerous mechanical
property testing campaigns on ex-reactor or other neutron-irradiated materials. This has led to
developing significant expertise in the area of fracture of steels in nuclear power plant
environments, and also provides the motivation for furthering the scientific understanding of the
responsible phenomena. The desired benefit of such study is to support preventing or reducing the
occurrence of unexpected failures of steels in nuclear power plant service, allowing them to
continue to provide low-emissions electricity as economically as possible.

1



1.1  Benefits of Nuclear Energy

Concern over the emission of carbon dioxide and other greenhouse gases as a result of the
use of fossil fuels for energy has become a major concern due to predicted effects of the resulting
global warming. The implementation of nuclear power is currently the most viable strategy for
meeting increasing energy demands while preventing greenhouse gas emissions.

In the United States, nuclear power is currently the largest source of non-fossil fuel
electricity (Figure 1). Among electricity generation methods, nuclear power uses land the most
efficiently (Figure 2). Nuclear power is the most reliable of the generation methods as measured
by capacity factor (Figure 3). The capacity factor is the fraction of time that the power plant is
providing electricity to the grid, accounting for time when a power source is inoperable due to
maintenance for example, or unavailability of sunlight or wind in the case of solar and wind power
sources. Nuclear power is also the safest form of electrical power generation (Figure 4) causing
the fewest deaths per Watt-hour.

Solar power represents an attractive solution; however currently concentrated solar power
concepts are not operating to their expectations, with lower efficiency and higher operating and
maintenance costs than expected (Reference 1). Hydroelectric power is an excellent source of
carbon-free electricity, however, there is limited potential for this electricity supply, as there are a
limited amount of suitable locations for deployment, many of which have already been realized.
Photovoltaic solar power represents an excellent choice for decentralized, low duty generation,
especially when coupled with battery storage. However, large scale deployments of this
technology are problematic in the same way that wind power installations are, requiring large areas

of land and power generation is intermittent.
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Figure 4. Mortality rate in various electric power generation facilities (Reference 3)



1.2 Negative Impact of Brittle Failure on Nuclear Power Plant Performance

Nuclear power plants conduct refueling and maintenance outages typically every 18 or 24
months. These outages are expensive operations and tight schedules are targeted to minimize
impact on the power plant’s economic performance. One activity that is conducted as a part of
some refueling and maintenance outages is the inspection of baffle-former bolts. To conduct such
an operation, the reactor assembly (Figure 5) must be shut down, disassembled, and de-fueled.
The baffle-former plates fasten the baffle plates, which guide water through the fuel assemblies,
to former plates, as shown in a detail in Figure 6.

In 2016, substantial degradation of Type 347 baffle-former bolts was observed in
pressurized water reactors (PWRs) due to irradiation-assisted stress corrosion cracking (IASCC)
(Reference 4), with some examples shown in Figure 7. The baffle-former bolts are located inside
the reactor near the core, and so their inspection and replacement requires the reactor to be shut
down, opened up, and the fuel removed. The work must be conducted in a radiologically
controlled area, and results in some amount of radiation dose to personnel. Because the extent of
degradation observed in 2016 was not anticipated, the affected power plants underwent extended
refueling and maintenance outages detrimental to their performance. Better prediction of IASCC
allows for proactive rather than reactive maintenance activities, which can be performed with less
impact on the duration of maintenance outages (which are often quoted to cost greater than one
million dollars per day in equipment, personnel, and lost generation costs), improving the
economics and reliability of PWRs. [IASCC inspections are conducted as required at every
operating light water reactor; while a majority of light water reactors throughout the world have
reported IASCC-related degradation to some extent, all light water reactors are affected by the

inspection requirements.
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2.0  Technical Background

The authoritative reference on irradiation damage in metals and alloys is the textbook by
Was (Reference 7), however some points relevant to stress corrosion cracking (SCC) and IASCC
will be reviewed here along with the relevant available data from the literature. IASCC is a form
of SCC. For SCC to occur, three conditions must be met: a susceptible material, an aggressive
environment, and stress.

The radiation environment can affect SCC behavior by influencing all three of the required
factors. Irradiation damage to the material can make it susceptible (via radiation hardening,
radiation embrittlement, and radiation-induced segregation). Radiation can make the environment
more aggressive by causing localized heating (potentially boiling) and radiolysis of the coolant.
Radiation can also affect the stress state of a component. This can be due to volumetric growth of
material due to irradiation-induced void swelling, or reduction of existing stresses such as bolt
preload due to irradiation-induced stress relaxation. IASCC can then be defined as SCC where

irradiation acts in one or more of these ways to modify one of the three critical conditions for SCC.

2.1 SCC of Austenitic Stainless Steel

SCC is a material degradation mechanism that can cause non-ductile and even catastrophic
failure of components under specific conditions. SCC occurs when an aggressive environment

lowers the stress required for formation of a crack in a susceptible material. Without all three



factors present (stress, susceptible material, aggressive environment), a stress corrosion crack will

not form. This is shown schematically in Figure 8.
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Figure 8. Elements of Stress Corrosion Cracking - Adapted from Reference 8

Austenitic stainless steels are the material of choice for light water reactor (LWR) internals
components because of their high fracture toughness and corrosion resistance. While typically
austenitic stainless steels are not greatly susceptible to SCC in LWR conditions, this nonetheless
can occur when off-normal conditions are present. One condition where austenitic stainless steel
can become susceptible to SCC is grain boundary sensitization, when the steel is exposed to a high
temperature for a sufficient length of time, allowing dissolved carbon to form chromium carbides
at the grain boundaries, a risk during welding processes for example. This reduction of chromium

10



in its metallic form at the grain boundaries reduces the corrosion resistance at these locations,
allowing for intergranular attack of the material (Reference 8). SCC can also occur in austenitic
stainless steels under the presence of chlorides in combination with oxygen (Reference 10). The
author has also identified SCC in austenitic stainless steel due to sulfur contamination (Reference
11). Specific to the LWR environment, the presence of excessive cold work can also cause
increased susceptibility to SCC (References 12, 13). Sensitization, chlorides, and cold work are
all factors that are carefully controlled and avoided in fabricating and operating LWRs, however
in the massive engineering structure that is an LWR system, deviations from the prescribed

practices can occur.

2.2 Irradiation Assisted Stress Corrosion Cracking of Austenitic Stainless Steels

IASCC is a special case of SCC, where radiation acts to increase one or more of the factors
influencing SCC (material, environment, stress). IASCC was not a known degradation mechanism
when the first LWRs were designed. IASCC was first observed in stainless steel control rod
cladding. Its incidence was reduced by reducing phosphorus and silicon content in the stainless
steel, and ultimately stainless steel was replaced in this application by zirconium alloys (Reference
14). 1ASCC was later observed in boiling water reactor (BWR) core shrouds (References 13, 14)
and later in pressurized water reactor (PWR) baffle-former bolts. The observation of IASCC in
PWRs was particularly significant because PWRs maintain dissolved hydrogen in the reactor
coolant system, which maintains oxygen at very low levels. For a time, this was thought to make

PWRs highly resistant to IASCC.
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The mechanism of IASCC in BWR environments has been correlated to radiation-induced
segregation (RIS). RIS results in the preferential segregation of chromium away from the grain
boundary, and of nickel and silicon to the grain boundary (Reference 15). This lowers the
corrosion resistance of the grain boundary, allowing for intergranular attack to occur. An example
of elemental segregation at material grain boundaries is shown in Figure 9, measured from a

sample of an IASCC crack in a BWR core shroud using an EDS in a TEM sample.
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Figure 9. Measured Grain Boundary Chromium Depletion — Adapted from Reference 13

The RIS mechanism alone is not sufficient to account for IASCC in PWR environments.
In the PWR environment, IASCC is attributed in part to highly localized strain (due to irradiation
hardening of the material) occurring at grain boundaries (Reference 16). When sufficient material
hardening occurs strain can cause grain boundaries with sufficient misorientation to separate —
allowing for intergranular attack to occur (Reference 17). This grain boundary separation is shown
in Figure 10. In Figure 10, the top row of images are SEM images, while the lower row are grain
misorientation maps with grain boundary character. Three different regions of a strained specimen
are shown, where region a is unstrained material, region b is at 2% strain, and region c is at 5%

strain. Such grain boundary separation can be initiated by a loss of continuous slip across a grain
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boundary (Reference 16). An example of continuous versus discontinuous slip is shown in Figure

11.

Figure 10. Grain Boundary Separation in Irradiated Material under Strain — Adapted from Reference 17
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Figure 11. Slip at Grain Boundaries. (a) is an Example of Continuous Slip, and (b) is an Example of

Discontinuous Slip. Adapted from Reference 16

2.2.1 Environmental Effects on Cracking

It is well established that there is an effect of the environment on cracking (Reference 8,
10, 12, 15, 18, 19, 20 21, 22). The particular magnitude and mechanisms of this effect in the LWR
environment are knowledge gaps that are of significant interest to the Nuclear Regulatory
Commission (References 18, 22) and the nuclear industry at large (Reference 8). While the LWR
coolant environment clearly has a detrimental effect on crack initiation rates (Reference 14) it can
be very difficult to single out critical variables and even more so to identify the mechanism by
which they affect cracking behavior. High temperature water itself can cause SCC (Reference 8)
but it would seem that even minor chemical additions can strongly affect the cracking behavior.

The impact of added elements can be beneficial, in the case of the addition of zinc to PWR water

14



(Reference 19) or noble metals like platinum to BWR water (Reference 20). Impurity elements
like chlorine, sulfur, or lead, inadvertently added to reactor water, have the potential to be highly

detrimental to cracking behavior.

2.2.2 Irradiation Effect on Environment

Separately from material effects, irradiation can affect the material’s environment, making
it more aggressive. Radiolysis increases the ECP of the reactor water which is more favorable for
crack growth by the decomposition of water molecules generating a variety of reaction products
including hydroxyl radicals, peroxide, and molecular hydrogen (Reference 14). Radiolysis
products can affect the stability of oxide species in the irradiated area. Reference 23 implicates
radiolysis-generated hydrogen peroxide in repressing formation of the chromium-rich spinel-type

inner oxide on Type 316 stainless steel in a combined irradiation-corrosion experiment.

2.2.3 lrradiation Effect on Stress

Radiation creep (or irradiation-assisted stress relaxation) affects reactor components by
relieving stresses. On fasteners like the baffle-former bolts, the result is a loss of most of the torque
on the bolt. This loss of torque reduces the efficiency of the bolted joint, potentially allowing the

bolt to be exposed to stresses other than the tensile preload of the bolt.
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Figure 12. Torque required to remove a baffle-former bolt from three French CPO plants

(adapted from Reference 24).

2.2.4 Irradiation Effect on Mechanical Behavior

Irradiation can affect the deformation behavior of austenitic stainless steels by causing a
transition from a wavy slip mode to a planar slip mode. In a planar slip mode, deformation is
confined to a specific slip system giving rise to a sharper crack. In wavy slip, the deformation is
dispersed on several slip systems leading to a blunt crack (Reference 25). The radiation-induced

defects tend to confine deformation, resulting in a planar slip mode and a sharper crack tip than

16



would exist in unirradiated material. The sharper crack results in a higher stress concentration
factor, further localizing stresses and facilitating cracking.

Irradiation also causes substantial hardening of the bulk material (see subsection 4.3.5 or
4.3.9 for example). At the level of individual grains, hardening the grains reduces their ability to
deform locally, giving rise to higher intergranular stresses. This is especially true at high-angle

grain boundaries where continuous slip is not possible (recall Figure 11, Reference 16).

2.2.5 Irradiation Effect on Microchemistry and Phase Stability

Irradiation can, through radiation induced segregation and radiation enhanced diffusion, cause
phase instability in austenitic stainless steels (Reference 26). The formation of martensite and vy’
is typical for austenitic stainless steels under neutron irradiation (Reference 37 for example).
Related to intergranular cracking, the aforementioned RIS causing depletion of chromium
at the grain boundary (as shown in Figure 9) is of substantial interest. However, issues can also
arise from transmutation of elements such as manganese, which have non-negligible thermal
neutron cross-sections and will transmute to other elements (Figure 13). As manganese is an
austenite stabilizer, its loss results in reduced austenite stability. Some amount of chromium also
undergoes a transmutation reaction to vanadium, reducing the amount of chromium available in
the alloy (Reference 28). Radiation may cause destabilization of manganese sulfide, a common
inclusion in stainless steels, releasing sulfur into the bulk alloy and potentially facilitating IASCC

(Reference 29).
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Figure 13. Elements transmuting with the potential for phase stability issues in stainless steel (Reference 28)

2.2.6 Effect of Alkali lons on IASCC

Some U.S. nuclear power plants are also considering a change in primary coolant water
chemistry as a potential cost savings measure. Currently, the primary coolant is water at
approximately 2500 psi and 500-650°F containing additions of boron (added as boric acid) to assist
in controlling the nuclear reaction, and a lithium hydroxide (LiOH) addition to control pH.
Currently, LiOH depleted in Li-6 (due to its high neutron capture cross section) is used. The supply
chain security of isotopically depleted LiOH is tenuous and mired in geopolitical uncertainties.
The change would be to use potassium hydroxide, which does not require isotopic refinement.
(Reference 5). While there are economic benefits to using a KOH water chemistry, differences in
cracking performance in the water chemistry could exist. Comparing material exposed to KOH

and LiOH water chemistries, potassium remains in the exterior oxide layer on the metal surface

18



while lithium has been observed to penetrate into the inner oxide layer and along grain boundaries
(Reference 6). KOH also has a greater dissociation constant in high temperature water than LiOH,
allowing much more of it to be dissolved in a given volume of water. In crevice conditions
(potentially present at a crack tip), this could lead to a concentration of hydroxyl ions which could
create caustic conditions which could lead to SCC. Therefore, investigation of IASCC behavior

in KOH PWR is an important step to be completed prior to its implementation.

2.2.7 Combined Effects Testing Strategy in this Thesis Work

Of the work presented in this thesis, only that presented in Section 4.0 , analyzing IASCC
failures of nuclear power plant components in service, captured the complete range of factors that
influence IASCC. The work presented in Sections 5.0 6.0 and 7.0 utilize irradiated materials,
applied stress, and simulated PWR water and so are able to generate SCC which wouldn’t be
possible without the irradiation damage to the material, which is commonly called IASCC.
However, these experiments lack the influence of a substantial radiation field. While the irradiated
specimens themselves produce some amount of gamma and beta radiation, this is quite
insignificant compared to that of an active PWR core such material would see in PWR service. As
discussed previously, radiolysis of the PWR cooling water can occur. However, the hydrogen
overpressure of 35 cc/kg applied to PWR water is “completely effective in suppressing the
oxidizing (and reducing) products of water radiolysis.” (Reference 14).

Further, the absence of radiation field also excludes the possibility for irradiation-assisted
stress relaxation. The effect of this phenomenon on crack initiation and growth at the

microstructural level is not likely to be significant, as it takes several dpa (which would take years
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to accumulate in PWR structural materials) to achieve significant stress relaxation (recall Figure
12).

Another absent effect will be the high flux of vacancies and interstitials present in material
under neutron irradiation, which contribute to irradiation-enhanced diffusion. As microstructural-
level processes such as oxidation of a grain boundary or crystallographic plane contribute to SCC
processes, and oxidation is a diffusion-based process, it is possible that this effect could effect
crack initiation and growth behavior.

It should be noted that the tests conducted on the materials in Sections 5.0 6.0 and 7.0 are
intended to accelerate IASCC testing, both by testing at the highest relevant temperature levels
and by using stress levels greater than are representative of typical PWR operating conditions.

These practices are, however, standard in SCC and IASCC testing (Reference 27).
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3.0  Hypothesis

The hypothesis is:
The extent of environmental assistance in causing cracking in irradiated austenitic stainless
steel in light water reactor environments varies depending on the extent of irradiation

damage to the material, the alkali ions in the water, and the stress applied to it.

For classic IASCC, environmental assistance is required. Environmental assistance
required for fracture of irradiated materials may also be reduced in conditions of elevated or
alternating stresses such as in the case of corrosion fatigue. In the case of highly embrittled
materials, environmental assistance may be very minimal or not needed at all. Study of the extent
of environmental influence on fracture is not new, however, the examination of the extent of
environmental influence on IASCC has received less attention. The use of materials neutron-
irradiated in commercial PWRs, the use of Type 347 stainless steel, and the investigation of the

role of alkali ions are unique aspects of this work.
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4.0  Analysis of IASCC-Induced Bolt Failures in PWRs

This section describes work sponsored by the Electric Power Research Institute, American
Electric Power, and Entergy. These experiments were conducted in collaboration with Joshua
McKinley, Jung-Kun Lee, Jean M. Smith, Andrew M. Ruminski, and Michael A. Burke. This
work was published in the Journal of Nuclear Materials, and the published article should be
referred to for the full details of the work:

Michael R. Ickes, Joshua McKinley, Jung-Kun Lee, Jean M. Smith, Andrew M. Ruminski,
Michael A. Burke, “Irradiation-assisted stress corrosion cracking of Type 347 and Type 316 steels
irradiated in commercial pressurized water reactors,” Journal of Nuclear Materials, Volume 536,

1 August 2020. https://doi.org/10.1016/j.jnucmat.2020.152182 (Reference 30)

4.1  Motivation and Experimental Objectives

As described in subsection 1.2, in 2016 baffle-former bolts fabricated from Type 347 and
Type 316 stainless steels were found to have indications of potential degradation in far greater
numbers than was anticipated after decades of service installed in PWR reactor core internals. The
ultrasonic (UT) inspection technique, which was well qualified and proven at other plants, had in
this instance appeared to have identified intact bolts as degraded, confounding interpretation of the
inspection results and resulting in more bolts being replaced than may have been necessary.
However in spite of this, the number of degraded bolts (identified as degraded by being fractured

in two pieces upon removal) identified in 2016 inspection campaigns (Reference 31) was an order
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of magnitude greater than identified during any previously planned aging management inspection
of this component (References 32, 33). To attempt to identify contributing factors to the failures,
a subset of the bolts removed during the following bolt replacement campaign were provided to

the Westinghouse Churchill Site hot cell facility for failure analysis.
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Figure 14. Baffle-former bolt inspection map for D.C. Cook Unit 2 in 2016 (Reference 31)
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4.2  Methodology

Each as-received bolt had radiological readings of 1000 to over 9000 Rad/hour on contact,
necessitating the use of strict radiological controls. The Westinghouse Churchill Site hot cell
facility’s heavily shielded high level cell allowed the work described in this document to be
conducted while keeping exposure to personnel to below local administrative limits and allow
working safely with these highly irradiated materials.

The baffle-former bolts were stored in individually-labelled containers in the heavily
shielded high level hot cell at the Westinghouse Churchill Site facility and were machined as-

needed for testing. Equipment was set up in the adjoining low level cell as needed for each task.

4.2.1 Visual Examination and Light Optical Microscopy

The light optical microscopy was conducted using a Keyence VHX-5000 digital
microscope installed in the low level hot cell, and included examinations of fracture surfaces, as

well as examinations of the intact bolts for indications of cracking.

4.2.2 SEM Fractography

The SEM fractography was conducted on a Tescan Vega-3 XMU SEM. This SEM is
located in a shielded cell directly above the high level cell. Samples are transferred between the

two using a small sample elevator. This enabled examination of as-received baffle-former bolts
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without removing them from the shielded hot cell system. Due to the high radiological activity of
samples typically examined in this SEM, no EDS detector is installed as it would be ineffective in
the radiation field due to excessive detector dead time. The fracture surfaces were cleaned
ultrasonically in combination with and an organic solvent (DuPont™ Vertrel® XF —
decafluoropentane) immediately prior to loading the samples into the SEM to remove debris from
the surfaces.

A Tescan Lyra-3 GMU dual beam FIB/SEM system with an Oxford Instruments EDS
detector was used to conduct EDS on a small (~1 mg) sample of one bolt as the radiological fields
associated with the small sample were sufficiently low to allow use of this unshielded piece of

equipment.

4.2.3 Surface Contaminant Analysis

Bolt pieces were ultrasonically cleaned in deionized water for 24 hours. The resulting

solution was run through a silver filter and analyzed using EDS.

4.2.4 Dye Penetrant Testing

Bolts that had UT indications but were removed from the reactor intact were subject to dye
penetrant testing. Magnaflux Zyglo® dye penetrant was applied and allowed to dwell per
manufacturer’s instructions for 20 minutes, and then examined under ultraviolet light. As no
indications of cracking were identified using this approach, this process was repeated with longer

dwell times of several hours. No cracks were identified by dye penetrant testing.
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4.25 Hardness Testing

Hardness testing specimens were prepared from baffle-former bolt shanks by milling flats
on opposite sides of the shank along its length. This gave a flat and level surface for hardness
testing along the length of the bolt. Since the fluence received by the bolt varies along the length
of the bolt (highest at the head and lowest at the threaded end) the effect of radiation on hardness
can be investigated. Rockwell Hardness (Rockwell C) were conducted using a Wilson Rockwell

hardness tester.

4.2.6 Optical Emissions Spectroscopy

Small (~1 mg) samples were removed from the bolts, carefully weighed, and then dissolved
in a mixture of hydrochloric, nitric, and fluoric acids in a MARS 5 microwave digestion system.
The digested samples were analyzed using an Agilent VDV 5800 ICP-OES by optical emissions

spectroscopy (OES).

4.2.7 Radionuclide Analysis

Small (~1 mg) samples were removed from the bolts, carefully weighed, and beta
spectroscopy was then performed on the samples. Specifically, Ni-63 activity was measured using
the RP300 method (Reference 34). The amount of Ni-63 present, the amount of total nickel present
(obtained from ICP-OES), and the service history of the bolt can be used together, via a set of hand

calculations, to estimate neuron fluence for the sample material.
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4.2.8 Mechanical Testing of Whole Bolts

For bolts which had UT indications but were delivered to the laboratory intact, it was
desired to conclusively determine if any cracking was present in the bolt. Three original bolts
without UT indications were loaded in tension to 414 MPa in the bolt shank (bounding original
design loads). For additional bolts, it was decided to load the bolts to failure. This was achieved
by applying tensile loading at a crosshead extension of 0.635 mm/minute to the bolt until failure.
Consideration of the bolt geometry and fixture geometry allowed the determination of an
approximate gauge length. This, along with the crosshead displacement data, was used to develop

approximate stress-strain curves for the whole bolt tests.

4.2.9 Tensile Testing

Miniature tensile specimens were machined from IP2 E28 and S1 B83, both of which are
Type 347 bolts. The dimensions of the specimen are given in Figure 15. The specimens were
extracted from the shank and threaded portion of the bolts, as shown in Figure 16. An example of
a finished tensile specimen is shown in Figure 17

Specimen E28-A was tested at a crosshead extension rate of 0.0012 in/minute (0.030
mm/minute). Due to the extensive necking during this test, subsequent tests were conducted at a
faster extension rate to expedite the process. Specimens B83-A, B83-B, and E28-B were tested at
a crosshead extension rate of 0.0036 in/minute (0.91 mm/minute). All of the miniature tensile
tests were conducted at room temperature. Data recording had begun after a load of 10 pounds

(44.5 N) was reached to minimize the amount of fixture settling that was captured in the data. A
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miniaturized clip-gauge extensometer was used to measure extension of the miniature tensile

specimens along the gauge length.
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Figure 15. Dimensions (in inches) of tensile specimens

Figure 16. Orientation of tensile specimens within baffle-former bolt
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Figure 17. Picture of tensile specimen B83-B

4.2.10 Metallography

The focus on the metallography of the IP2 and S1 bolts was to identify any microstructural
differences between intact bolts with and without UT indications — that is, if flow lines or
inclusions were responsible for UT reflections that may have been the source of UT indications.
Metallography on the DCC2 bolts was intended to investigate crack morphology.

The bolts were sectioned as desired (example sectioning diagram shown in Figure 18),
mounted in epoxy, ground flat and polished to a mirror finish using OP-S silica slurry, and
characterized using the Keyence VHX5000 digital optical microscope. After examination in the
as-polished condition, the mounts were electro-polished in a 10% oxalic acid solution for 1-3

minutes at 3-6 volts and examined again.
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1) As-pulled bolt showing
cuts to be made

2) As-cut bolt pieces, with 3) As-mounted
face to be examined bolt sections
indicated by arrow

Figure 18. Example sectioning diagram for baffle bolt metallography

4.3 Results

4.3.1 Visual Examination and Light Optical Microscopy

The bolts were covered primarily with a dark grey, adherent oxide layer. Near the head to
shank radius of the Type 347 bolts, the oxide layer tended to be thicker with some brown coloring
(Figure 19) and was observed to be friable. This thick friable oxide was absent from the Type 316
replacement bolts. Some shiny regions appear on the fracture surface, which are regions that were
damaged during extraction. In many instances, the crack grew towards the head of the bolt. The
significant radiation field from the bolts (10 to 100 Sieverts per hour at 30 cm) caused substantial

darkening of the lens of the LOM (Figure 20).
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Bolts that contained UT indications from IP2 and S1 but without apparent cracks were
investigated at higher magnifications (50-1000X) at the head-to-shank region in an attempt to
identify surface cracks. Of the bolts examined, only IP2 C37 showed a small, tight crack in this

region. The extent of this crack was later revealed by pull testing and subsequent fractography.

Figure 19. Photograph of IP2 bolt B35

Figure 20. New lens (left) compared to lens used for baffle-former bolt examination (right)
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4.3.2 SEM Fractography

SEM examination of fracture surfaces revealed the presence of intergranular (IG) cracking,
which is characteristic of IASCC (References 7 and 14). Also observed were transgranular (TG)
cracking, mixed-mode cracking consisting of both IG and TG features, and ductile rupture. 1G
and TG are brittle failure modes, displaying little to no ductility, while ductile rupture was
identified by regions of microvoid coalescence (also known as dimpled rupture). The amount of
each morphology varied from bolt to bolt, from completely I1G to predominantly TG. Figure 21
shows, for example, S1 bolt B77 which contains two distinct regions: one of IG and mixed TG and
IG cracking and a second region of flat TG cracking. Figure 22 shows S1 bolt G77 with a
circumferential region of IG, mixed IG and TG, and TG regions and a substantial central region of
ductile tearing. Figure 23 shows the almost-entirely TG fracture of DCC2 bolt E22, with three
distinct regions of different TG cracking morphologies and no ductile rupture. Figure 24 shows
the fracture surface of IP2 bolt C37 (pull tested in the lab at room temperature) showing a narrow
rim of IG cracking around the circumference. This cracking had been previously identified by
high-magnification examination of the head-to-shank region via LOM.

A categorization generalizing the best estimate stress during crack propagation for each
bolt was developed, with these categories defined in Table 1. Category ‘A’ corresponds to
relatively low stress (the bolt failure was relatively isolated within the assembly; none or only one
of its ‘nearest neighbors’ had failed) and high irradiation dose (well above the IASCC threshold
described in Reference 60). Category ‘B’ corresponds to relatively high stress bolts (the bolt was
located in a cluster of failures, causing increased load on nearby intact bolts) and high irradiation

dose. Category ‘C’ corresponds to relatively high stress and low irradiation dose (near the lower
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limit for IASCC as described in Reference 60). The loading here is generally assumed to be steady-
state during power plant operation.

Table 2 summarizes the fractographic data, including the approximate percentage area of
each failure type. This table gives a calculated approximate dose for each bolt, along with the
stress category assigned per Table 1. The table also describes the ‘Inspection and Extraction’ data
for each bolt. ‘Red’ indicates that the bolt displayed UT inspection indications greater than the
inspection acceptance criteria; that is, the inspection identified a potentially degraded condition.
‘Green’ indicates the bolt did not have UT indications greater than the inspection acceptance
criteria, indicating no degradation identified by the inspection. Bolts that were already protruding
from their installed location were assumed broken and not inspected by UT. Bolts indicated as
‘intact’ were able to be removed from the reactor baffle wall in one piece, while bolts indicated as
‘broken’ were removed from the baffle wall in two pieces, presumably having fractured during
service. It is apparent that the inspection technique was not completely accurate at identifying
degradation, as ‘green’ bolts (no UT inspection indications) did come out broken in some instances
(F25, F45, and F48) while some ‘red’ bolts (with UT indications) such as B74 and E37 had no
apparent service-induced degradation. It should also be further noted that the sample of bolts
examined in this study, and particularly the relationship between UT inspection accuracy and bolt
structural integrity, are not representative of the entire inspection population. Instead, the subset
of bolts shipped to the laboratory intentionally included bolts with unusual results like F25, F45,

and F48 so the cause of this discrepancy could be understood.
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Table 1. Stress/Dose categorization for baffle-former bolts

Stress/Dose Category Dose Criterion Stress Criterion
A >> 10 dpa 0 or 1 failed nearest neighbors
B >> 10 dpa >1 failed nearest neighbors
C <10 dpa >1 failed nearest neighbors
Table 2. Quantitative fractographic data
Baffle Inspection | Estimated | Stress/Dose | Quantitative Fractography
Steel & dpa Category (%)
Plant BOI'.[ Grade | Extraction
Location Data IG | TG | Mixed | Ductile
IP2 B74 347 | Red- Intact* 27 - 0 12 0 88
IP2 C37 347 Red- Intact* 18 - 9 0 3 87
IP2 D5 347 | Red- Broken 27 B 4 3 85 8
IP2 D73 347 | Red- Broken 20 B 0 11 81 8
Protruding
IP2 E26 347 (broken) - 33 B 12 41 34 12
no UT
IP2 E28 347 | Red- Broken 33 B 6 24 62 8
IP2 E37 347 | Red- Intact* 18 - 0 12 0 88
IP2 E65 347 | Red- Broken 41 66 26 7 0
Protruding
IP2 E78 347 (broken) - 33 A 49 18 25 8
no UT
IP2 F2 347 | Red- Broken 33 B 46 20 15 19
IP2 F25 347 Green - 33 A 97 | 3 0 0
Broken
P2 | Fas | 347 | Creen- 41 A 100 | o0 0 0
Broken
IP2 F48 347 Green - 27 A 2% | 2 65 7
Broken
IP2 F57 347 | Red- Broken 33 A 44 12 43 2
IP2 G100 347 | Red- Broken 27 B 45 2 3 50
IP2 G103 347 Red- Broken 33 B 12 11 54 23
Protruding
S1 B77 347 (broken) - 28 B 23 37 40 0
no UT
S1 G77 347 | Red- Broken 28 B 35 13 39 14
DCC2 E22 316 | Red- Broken 4 C 1 99 0 0
DCC2 E23 316 | Red- Broken 5 C 40 60 0 0
pcc2| E28 | 316 | Orem 5 . o | o | o | 100
Intact

*Pull tested to failure in room temperature air
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IG cracking was observed to frequently occur with secondary cracking (Figure 25). 1G
cracking was also observed to extend into the load bearing surface of the bolt (Figure 26). In some
regions of IG cracking dark spots (marked with red arrows) were observed on grain facets (Figure
27). These could not be conclusively identified. EDS was not possible due to the high radiation
field of the material. These spots could possibly be entrained slag particles from the steel
fabrication or coarse carbide particles.

The features of the TG cracking varied by appearing with or without secondary cracking
or striations and in some instances included features such as ratchet marks and river lines. For
example, Figure 28 and Figure 29 show TG cracking with striations and secondary cracking,
Figure 30 shows TG cracking with secondary cracking and no striations, and Figure 31 and Figure
32 show TG cracking with slip bands, without striations and very limited secondary cracking. The
slip bands at times appeared very well-ordered, even stairway-like (Figure 33). Striations were
rare and in all cases very fine, such as shown in Figure 34. It is noted that typical isolated IASCC
failures of baffle-former bolts have been reported as being IG in nature (References 30, 35, 36,
and 37) similar to the appearance of the relatively isolated failures of E78, F25, F45, and F48 in
this work. The baffle-former bolts that have failed in large clusters examined in these
investigations have initiated by an 1G mode but also included TG cracking. Note that in Table 2,
bolts E 78, F48 and F57 may appear as outliers because these appear in the ‘low stress’ group, but
do not contain a majority of IG cracking. In fact, while much of these fracture surfaces are
indicated as ‘mixed,” the mixture in this case has strong intergranular characteristics with
occasional transgranular features. The quantitative fractography of these two bolts was also

challenged by damage to the fracture surfaces during extraction.
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The transitions between IG and TG cracking were at times abrupt and associated with
secondary cracks (such as in Figure 35) or took place over regions of mixed TG and IG cracking.
Also identified on several fracture surfaces of IP2 bolts was microvoid coalescence (Figure 36)
with a flatter morphology consistent with ductile tearing. This morphology appeared in between
regions of TG cracking as shown in the previous figures and the final ductile fracture of the

remaining bolt cross section (which appeared as typical microvoid coalescence).
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Figure 21. S1 Bolt B77 Light Optical Microscope View of Fracture Surface
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Ductile tearing

Smeared region

SEM HV: 10.0 kV WD: 73.31 mm 7 VEGA3 TESCAN

Det: SE @
Date(m/d/y): 11/04/16 Westinghouse Nuclear

Figure 22. S1 Bolt G77 SEM Overall View of Fracture Surface
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Zone 1
TG Cracking, Slip Bands,
Feathery Texture

Isolated IG
Cracking on

Thread Torn Morphology,

TG Cracking, Fine
Secondary Cracking,

Possible
Initiation Site

SEM HV: 10.0 kV WD: 69.89 mm VEGA3 TESCAN

SHANK E22 Det: SE 2 mm
Date(m/d/y): 11/21/16 Westinghouse Nuclear

Figure 23. Overall Image of E22 Fracture at Head-to-shank Region
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¢ Ductile Tearing ¥

II Ductile Tearing

SEM HV: 10.0 kV WD: 73.72 mm T VEGA3 TESCAN

C37 Head Det: SE
Date(m/d/y): 12/01/16 Westinghouse Nuclear

Figure 24. IP2 bolt C37 — Overall fracture surface (head side). IG crack regions are service-induced

cracking, while ductile tearing resulted from laboratory tensile testing.
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SEM HV:. 20.0 kV VEGA3 TESCAN

F2-Head-Cleaned-6b | Det: SE
Date(m/d/y): 10/06/16 Westinghouse Nuclear

Figure 25. IP2 bolt F2, I1G cracking and secondary cracking
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Figure 26. SEM Micrograph of E23 Head Fracture — Area 1, IG Cracking Extending into the Head
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SEM HV: 20.0 kV WD: 7.72 mm | VEGA3 “i'ESCAN

E65-Head-Cleaned-6e Det: SE 20 um
Date(m/d/y): 10/11/16 Westinghouse Nuclear

Figure 27. IP2 bolt E65, 1G cracking and fine particles on grain boundaries. Red arrows indicate unknown

surface spots
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SEM HV. 20.0 kV WD: 9.67 mm | VE.GA3‘TESCAN

D5-Head-Cleaned-3e Det: SE 20 pm
Date(m/d/y): 10/07/16 Westinghouse Nuclear

Figure 28. IP2 bolt D5, TG cracking with striations and holes
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SEM HV: 20.0 kV WD: 9.50 mm VEGA3 TESCAN

F2-Head-Cleaned-3b Det: SE 20 ym
Date(m/d/y): 10/06/16 Westinghouse Nuclear

Figure 29. IP2 bolt F2, TG cracking showing striations and secondary cracking




Figure 30. Secondary crack branching on the TG portion of the bolt S-R2C6 fracture surface
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SEM HV: 20.0 kV WD: 12.29 mm , i ‘V ‘ | VEGA3 TESCAN

Head E23 area 3c Det: SE 50 pm
Date(m/d/y): 11/28/16 Westinghouse Nuclear

Figure 31. SEM Micrograph of E23 Head Fracture — Area 3, TG Cracking with Slip Bands
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SEM HV: 20.0 KV WD: 14.65mm VEGA3 TESCAN
SHANK E22 AREA 4a Det: SE
Date(m/d/y): 11/22/16 Westinghouse Nuclear

Figure 32. TG Cracking in Bolt E22 Feathery cracking with slip bands, limited secondary cracking, no

striations
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Figure 33. TG Cracking with Slip Bands in Bolt E22
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SEM HV: 20.0 kV WD: 15.38 mm ‘ ‘ VEGA3 TESCAN

SHANK E22 AREA 12b Det: SE 20 ym
Date(m/d/y): 11/23/16 Westinghouse Nuclear

Figure 34. SEM Micrograph of E22 Shank Fracture, Striations and Secondary Cracking in Area of TG

Fracture
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SEM HV: 20.0 kV WD: 11.52 mm VEGA3 TESCAN

Head E23 area 5a Det: SE 200 uym
Date(m/d/y): 11/28/16 Westinghouse Nuclear

Figure 35. SEM Micrograph of E23 Head Fracture — Area 5, Transition between TG and 1G Cracking
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G103-Head-Cleaned-30 Det: SE 50 pm
Date(m/d/y): 07/28/16 Westinghouse Nuclear

Figure 36. IP2 bolt G103, Blocky microvoid coalescence, showing numerous holes into the fracture

surface.
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4.3.3 Surface Contaminant Analysis

Analysis of surface debris did not identify any contaminants on bolts from IP2 or S1.
However, some amount of chlorides were identified on bolt E23 from DCC2. Given that this bolt
was exposed to several environments between extraction from the reactor and the laboratory
examination (the spent fuel pool, the shipping cask, and the hot cell environment) the detection of
this contaminant does not conclusively prove that it contributed to the fracture of the bolt. As tight
water chemistry monitoring and control is employed at PWRs and no off-normal chemistry
conditions were reported at these plants, chlorides or other impurities are not suspected as the

cause of the bolt failures.

4.3.4 Dye Penetrant Testing

Dye penetrant testing did not identify any indications of cracking in the intact bolts with
UT indications sent to the lab, including in IP2 bolt C37. C37 had previously been identified to
have a tight crack by LOM, which was confirmed by fractography after pull testing. Because the

dye penetrant method was not able to identify tight IASCC cracks, it was not further employed.

4.3.5 Hardness Testing

Rockwell hardness tests showed a gradient in hardness, with higher hardness values
measured at the head of the bolt and decreasing towards the threads. This is expected as it
coincides with the fluence gradient present in baffle-former bolts (described in Reference 38),

which decreases by a factor of 1.5 to 2.5 along the length of the bolt from head to end. For the
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originally installed bolts with approximately 23 dpa of neutron exposure at the head of the bolt,
hardness values ranged from 41 HRC to 32 HRC. For the replacement bolts with approximately
4 dpa of neutron exposure at the bolt head hardness values ranged from 27 HRC to 22 HRC. For
reference, unirradiated Type 316 stainless steel used in this application would be too soft (less than
15 HRC) to measure on a Rockwell C hardness scale, and would be less than 88 HRB on a

Rockwell B hardness scale.

4.3.6 Results of Chemical Composition Analysis

Results of the chemical analysis are shown in Table 3. Chemical analysis of samples taken
from the under-head area of the bolt (near the location of most service-induced failures) confirmed
that the alloy chemistry met the Type 347 stainless steel specifications with the exception of a few
measurements that indicated higher-than-allowable amounts of silicon. As the sample size of the
material gathered was very small (due to radiological considerations), silicon is a minority element
in the chemical composition, and silicon is a common environmental contaminant, these
measurements do not conclusively show that the silicon in the bolt material was above the Type

347 specification.
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Table 3. Results of Chemical Composition Analysis (in weight percent)

Plant/ | |eat/Bolt | Fe Ni ¢ | Mn | Mo |Nb/Cb| Ta | Co | si
Document
specification | AST™ ~ [ 900- [17.00-|200| [ Nb+Taz10x | _ | 1.00
A-193 13.00 19.00 | max C content max
X11014 | Bal | 10.46 | 18.10 | 1.63 | 033 | 0.96 | 0.0x® | - |0.75
CMTR 10879 Bal | 10.68 | 17.95 | 1.34 | 033 | 0.70 | 0.06 | 0.11 | 0.55
39653 Bal | 9.80 | 18.46 | 1.83 | 0.19 | 0.81 | 0.0x™ | 0.06 | 0.75
E37 67.79 | 1030 | 17.80 | 1.28 | 0.25 | 0.74 | 0.02 | 0.07 | 1.06
F45 67.22 | 1038 | 17.93 | 1.44 | 0.26 | 0.95 | 0.00 | 0.05 | 1.15
iy E28 66.99 | 1049 | 18.11 | 1.50 | 0.22 | 0.96 | 0.00 | 0.06 | 1.12
E65(EDS) | 674 | 9.0 | 193 | 20 | 03 | 09 - - |07
E65 66.36 | 10.24 | 18.80 | 1.45 | 0.32 | 0.94 | 0.00 | 0.05 | 1.2
37 68.51 | 10.22 | 18.00 | 1.28 | 0.27 | 0.65 | 0.00 | 0.08 | 0.71
B83 68.14 | 10.40 | 17.76 | 1.28 | 030 | 0.74 | 0.00 | 0.07 | 0.91
s1 D2 67.21 | 1035 | 17.81 | 1.48 | 0.26 | 0.94 | 0.00 | 0.06 | 1.25
D92 6835 | 1021 | 17.76 | 1.26 | 0.26 | 0.68 | 0.00 | 0.06 | 0.94
oot N-R4C4 | 69.4 | 100 | 175 | 1.7 | 01 | 1.1 | 01 - -
E-R4C6 | 669 | 109 | 192 | 1.7 | 01 | 08 | 00 | - i
(analyzed by =0 oa e 664 | 112 | 197 | 1.7 | 01 | 08 | 00 - i
ICP-OES/MS) ' ' : ' ' ' '
W-R3C5 | 66.8 | 109 | 196 | 1.7 | 01 | 08 | 00 | - i

Table 3 Notes:
(1) Last digit for amount of tantalum is not visible on CMTR.
(2) Additional minor elements were analyzed, see Reference 39.

4.3.7 Radionuclide Analysis

Samples taken from the same locations as those used for chemical analysis were subject to
radionuclide analysis, which determined that the effective range of thermal (<0.025 eV ) neutron
exposures in the examined bolts was between 14 and 27 dpa at the underside of the bolt head near
where cracks were observed to initiate. This analysis did not include any of the replacement bolts
sent to the laboratory for testing. The trend in neutron exposures was consistent with expectations
based on baffle-former geometry relative to fuel assemblies; that is, the highest neutron exposures
were for bolts closest to the reactor core. The results of the radionuclide analysis are shown in

Table 4. The nickel content of E65 was measured by both ICP-OES and EDS, and dpa values were
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calculated using the two slightly different measured chemistries. All other values are based on
ICP-OES chemistry only. The measurements found that there was approximately 0.02 to 0.04
weight percent of Ni-63 in the samples. The uncertainty on the fluence values was determined to
be approximately +/- 15%. These results confirm that the materials were all within a radiation

damage range where IASCC can potentially occur.

Table 4. Results of Radionuclide Analysis

IP2 E65 | IP2 E65
Bolt IP2 E37 | IP2F45 | IP2 E28 (EDS) (OES) IP2C37 | S1B83 | S1D2 | S1D92

Effective

14 26 27 27 24 14 17 20 22
dpa

4.3.8 Results of Mechanical Testing of Whole Bolts

Three original bolts without UT indications from D.C. Cook Unit 2 were loaded in tension
to 414 MPa in the bolt shank (bounding original design loads) without failure. Mechanical loading
to failure in air at room temperature was conducted on eight whole bolts which displayed UT
indications, and one bolt (DCC2 E28) which did not have a UT indication. Approximate stress-
strain curves for these bolts are shown in Figure 37. The effects of radiation hardening were
evident from these results with the extent of hardening varying with radiation exposure, as was
expected. Eight of the nine bolts showed no signs of service-induced cracking after being pulled
to failure, while one bolt (C37) was found to have two fine diametrically opposed IG cracks on the
perimeter of the bolt, near the head-to-shank radius (Figure 24). However, the approximate stress-
strain curve for C37 does not differ significantly from the bolts that were completely uncracked.

The bolt H104, which was installed at the top level of the baffle former assembly and out of the
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active core region, had significantly higher ductility than the other bolts which were in the active
core region. The replacement bolt DCC2 E28 was only in service for six years, and also showed

higher ductility than the originally installed bolts that had been in service for ~30-40 years.

Stress vs. Strain Curves - Pull-tested Bolts

1400
1200 -
—__\_\—‘_\k_‘_*!
T Vi : >10 dpa
/
=
E 800 - 7 ~1 dpa
";‘ /
§ 600 - 7
b //' ~2 dpa
400 -
#
7 —Indian Point 2 B35 —Indian Point2 B56 —Indian Point2 H104
200 1 ..-'/ —Salem 1 D92 — Indian Point 2 C37 Indian Point 2 E37
- —Indian Point 2 B74 —Salem 1 D02 —DC Cook 2 E28
O = T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Approximate Strain (based on crosshead displacement)

Figure 37. Stress-strain curves for bolt pull tests

4.3.9 Tensile Testing Results

Four miniature tensile samples of material extracted from the shanks of two bolts were also
tested. The tensile samples were 25 mm long, 5 mm diameter cylindrical specimens with an 11
mm gauge length and a 2.8 mm gauge diameter and fastened into the load line via threaded ends.
The specimens were tested at room temperature in air. The resulting engineering stress-strain

curves are shown in Figure 38. Sample E28 (27 dpa) showed the highest level of hardening, with
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a 136% increase in yield strength to 1172 MPa from initial properties as indicated by the CMTR.

Despite this hardening, the bolt material maintains appreciable ductility as shown by the elongation

and reduction of area (RA) values (see Table 5). These data are compared to tensile results from

other tensile data (References 37, 40, 60) on material extracted from Westinghouse-designed

reactor internals in Figure 39. These results, combined with those from 4.2.8, indicate that the

tensile properties are consistent with those expected for highly irradiated austenitic stainless steels.

This helps to rule out the potential for a metallurgical irregularity that would have made these

materials more susceptible to IASCC than others previously tested.

Table 5. Results of Miniature Tensile Testing

Tensile RA Uniform Total
i . . YS UTS Dpa
Specimen Elongation Elongation
CMTR 67.9% - 42.3% 510 MPa 683 MPa 0
B83A 47% 0.8% 7% 1078 MPa 1086 MPa 17
B83B 42% 0.6% 7% 1085 MPa 1100 MPa 17
E28A 44% 0.4% 6% 1165 MPa 1173 MPa 27
E28B 45% 0.4% 6% 1173 MPa 1178 MPa 27
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Figure 38. Stress-strain curves for miniature tensile tests

Uniform Elongation versus Irradiation Damage

Irradiation damage (dpa) Irradiation damage (dpa)

Figure 39. Tensile properties of PWR-irradiated austenitic stainless steels versus irradiation damage
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4.3.10 Metallography

Cross-sections were taken from four different bolts from IP2 and S1 for metallography.
Three bolts had UT indications and one did not. Flow lines (Figure 40) and aligned microstructural
features (Figure 41) were observed in all cases. These features are consistent with the hot forging
process used to create the bolt head geometry. No attempt was made to determine the chemical
composition of these features due to the radiation field from the samples. Inclusions greater than
1.6 mm, which would be expected to produce a UT indication, were not observed. However, the
presence of numerous aligned inclusions, flow lines, and variable grain sizes all challenge the
assumption of a homogenous material typically required for application of ultrasonic inspection
techniques. The existence of these features in bolts with and without recordable UT indications
makes it unlikely that these microstructural features were responsible for the large number of bolts
that exhibited recordable UT indications but were found to be intact on removal.

Metallography was also performed on DCC2 bolts (both original Type 347 and
replacement Type 316). The original Type 347 DCC2 bolts exhibited branched cracking in areas
of both IG and TG cracking indicative of an environmentally-assisted mechanism. Stringer-like
inclusions, likely MnS, were also observed. The replacement Type 316 bolts also exhibited
branched cracking in both IG and TG cracking areas. Grain boundary ditching could clearly be
observed (Figure 42).

Metallography allowed the bolt heads to be examined in cross-section. It was at this time
noticed that the bolts from 1P2 and S1 had a smaller head-to-shank radius than the DCC2 bolts,
which would increase the stress concentration factor and so increase susceptibility to IASCC. This

was unexpected as the DCC2 bolts were the first clustered failures to be detected.
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An important result of this metallographic investigation was also identifying differences in
the metallurgical structures of steels from different eras. The Type 347 bolts from IP2 and S1
were fabricated in the 1960s, while the replacement Type 316 bolts were fabricated in the 2010
timeframe. The newer bolts contain substantially fewer inclusions than the older bolts, due to
more modern steelmaking practices resulting in a cleaner product. This has potential implications
for IASCC behavior, as such inclusions (like MnS) are potential contributors to IASCC initiation
(Reference 58).

At the completion of these investigations, the 32 Type 347 IP2 bolts remain in storage at
the Westinghouse Churchill Site facility. These IP2 bolts have been donated to the Idaho National
Laboratory Nuclear Fuels and Materials Library and are open for study through the Department of

Energy via programs such as the Nuclear Science User Facility program.
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Figure 41. Transverse cross-section of IP2 bolt C52 showing aligned features in head-to-shank transition

region (etched)
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4.4 Discussion

The significance of this work to the nuclear industry is that IASCC was identified as the
initiating degradation mode in the baffle-former bolts. The results of the mechanical property
testing, chemical composition analysis, and metallography did not reveal any features that would
be expected to significantly enhance the material’s susceptibility to IASCC. This led to further
investigations of plant-specific design, inspection practices, and operational practices (beyond the
scope of this thesis) that may have been able to mitigate such failures.

The scientific aspects of this work which are of interest are the observation of transgranular
cracking associated with IASCC, and the characterization of a large volume of PWR-irradiated
material which has now been made available for study through the DOE NSUF program.

The aspect relevant to this thesis is the observation of transgranular cracking in IASCC
associated with components which failed under the higher stress. Typically, IASCC has been
associated with an intergranular fracture mode when identified in LWR service (References 35,
36, 37). Observations of transgranular fracture are typically associated with fatigue or chloride-
induced stress corrosion cracking in austenitic steels. However, it has been shown that
transgranular SCC can occur in heavily cold worked unirradiated austenitic stainless steels at
constant loads (References 41, 42, 43, 44, 45, 46). While not representative of steels used for
nuclear construction due to the excessive cold work, which is prohibited by regulation in nuclear
construction (47), these studies do illustrate the role of localization of stress in driving
transgranular SCC. Further, the fracture surfaces generated during such experiments strongly
resemble those observed on the baffle-former bolts (Figure 43 and Figure 44).

Similarly-appearing TG fractures have appeared during slow strain rate testing (SSRT) of

neutron-irradiated austenitic stainless steel (Figure 45, from Reference 48). The SSRT specimens
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had a tendency to initiate with an intergranular morphology, which transitioned to transgranular as
specimen cross-section was reduced, and terminated in microvoid coalescence as local stress was
increased on the remaining material. This failure progression also appears similar to that observed
on baffle-former bolts (Figure 22).

While localization of stress and strain has been linked to IASCC previously (References
49 and 50), this had not been extended to transgranular IASCC before. The transgranular IASCC
behavior may follow a mechanism similar to the hydrogen-enhanced localized plasticity model
(Figure 46, from Reference 51), where further localization of stress is provided by dislocation
channeling behavior and irradiation embrittlement.

The observation of transgranular fracture is therefore interpreted as the mechanical
behavior of the material becoming more dominant in the cracking process than the time-dependent

environmentally-driven behavior.
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Figure 44. TGSCC generated at constant load in PWR water from Reference 44

68



Figure 45. TGSCC on SSRT specimen 3B1 from Reference 48
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Figure 46. Mechanism of TG IASCC, with locally enhanced slip provided by dislocation

channeling - Figure adapted from Reference 51
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5.0 IASCC Crack Growth Rate

This section describes work sponsored by the Electric Power Research Institute. These
experiments were conducted in collaboration with Mike Burke, Kai Chen, and Gary Was. This
work was published in the Journal of Nuclear Materials, and the published article should be
referred to for the full details of the work:

Kai Chen, Michael R. Ickes, Michael A. Burke, Gary S. Was, “The effect of potassium
hydroxide primary water chemistry on the IASCC behavior of 304 stainless steel,” Available

online 9 October 2021, https://doi.org/10.1016/j.jnucmat.2021.153323 (Reference 52)

5.1  Motivation and Experimental Objectives

The objective of this experiment was to compare IASCC growth behavior in simulated
PWR water with pH maintained with LiOH versus KOH. The U.S. nuclear industry is considering
changing PWR primary water chemistries to use KOH in place of LiOH, as a means to ensure a
stable supply chain and secure cost savings. This experiment will specifically investigate the

impact of these alkali ions on the crack growth rate (CGR).
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5.2  Methodology

5.2.1 Material

This experiment utilized neutron-irradiated Type 304 stainless steel. The material used to
fabricate the test specimens was extracted from a baffle plate from a decommissioned
Westinghouse-designed reactor. This material has been extensively characterized previously, as
is documented in References 40, 53, 54, and 55.

Material remaining from these testing programs existed as two small remnant pieces of
baffle plate (one example shown in Figure 47), each containing enough material to make two round
compact tension (RCT) specimens. The dimensions of the specimen design are shown in Figure
48. A CNC milling machine was customized for use in the hot cell environment, and installed in
one of the hot cells at Westinghouse Churchill Site (Figure 49).

Two specimens were fabricated from baffle plate piece ‘4D’ and these were designated
4D1 and 4D2. These two specimens should be essentially identical. Per Reference 54, the piece
4D material is approximately 15 dpa. Two RCTs were similarly fabricated from baffle plate piece
1F, and these specimens were designated 1FA and 1FB. Per Reference 54, the piece 1F material
is approximately 9 dpa. Despite the small size of these specimens, the radiation field of each
specimen was approximately 500 millirem per hour at a distance of 30 centimeters. Because of
this substantial field, heavily shielded shipping, handling, and testing capabilities was needed for

the experiment.
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Figure 47. (Left) Piece 4D, Held by Manipulator in Westinghouse Churchill Site High Level Cell (Right)
Diagram Showing RCT Placement inside Baffle-plate Piece (right). The radiological field from this piece was ~10

Rad/hour at a distance of 30 centimeters.
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Figure 48. Dimensions of RCT specimens to be used in this project. Dimensions in inches unless

otherwise noted.
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Figure 49. View of CNC Machine through Shielded Hot Cell Window.

5.2.2 Test Method

The ability to test neutron-irradiated materials in simulated PWR water requires highly
specialized laboratory facilities which exist in only a few places worldwide. One such facility is
the University of Michigan Irradiated Material Testing Laboratory (IMTL) which was used to
conduct the IASCC CGR tests for this experiment.

The RCT specimens, weighing in total less than 100 grams, were shipped from
Westinghouse Churchill Site near Pittsburgh, Pennsylvania to the University of Michigan IMTL
in a lead-shielded steel cask weighing approximately 12,000 kilograms. This prevented
radiological exposure of personnel handling the cask.

The IMTL hot cell was configured to host the autoclave system which would contain the
RCT specimen. The controls for this system were outside the hot cell as shown in Figure 50, with

a flow diagram for the autoclave system shown in Figure 51. One RCT specimen at a time was
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installed in the autoclave loading fixtures. Wires were spot welded to the RCT specimen in the
IMTL hot cell to allow in-situ monitoring of crack length by the direct current potential drop
(DCPD) method. In the DCPD method, current is passed through the specimen allowing the
resistance of the specimen to be measured. As the crack grows, the resistance of the specimen
increases, increasing the potential drop across the specimen which can be measured and related to
crack length. A diagram illustrating the DCPD method is shown in Figure 52.

After the autoclave system was filled with water it was then brought to controlled water
chemistry conditions and heated to temperature. The target conditions were 340°C with a pHr (at
300 °C) between 6.95 and 7.30 depending on whether Beginning of Cycle (BOC) or End of Cycle
(EOC) conditions were being studied. The water chemistries used in the CGR tests are given in
Table 6. Fatigue loading was used to begin a crack. The cycling frequency was gradually reduced

over a 24 hour period until a constant load condition was introduced.

Table 6. Water chemistries used in CGR tests

Condition | B (ppm) Li or K (ppm) pH @ 300°C
2.00 (Li)
BOC 1000 6.95
11.27 (K)
1.28 (Li)
EOC 200 7.3
7.21 (K)

After a satisfactory amount of stable crack growth was measured, the water chemistry was
changed between LiOH and KOH (or vice versa in the case of specimen 1FA). Once an amount
of stable crack growth was measured under the new water chemistry, it was then further reversed.

The test matrix for the specimens is shown in Table 7.
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Figure 51. Flow diagram of CGR test autoclave loop
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Figure 52. Application of current in the direct current potential drop method, after Reference 56.

Table 7. Text Matrix for CGR Experiment

Specimen Radiation Starting Investigated K

Dose (dpa) | Environment | values (MPa vm)

4D2 15 LiOH 18,14
4D1 15 LiOH 18,14
1FB 9 LiOH 18
1FA 9 KOH 18
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5.3 Results

Four CGR tests were completed using material fabricated from the neutron-irradiated Type
304 stainless steel. The crack growth rates measured in this experiment at 18 MPa Vm were
relatively fast compared to the size of the specimen, and so these tests were only hundreds of hours
long instead of the expected thousands of hours. Crack initiation for each specimen occurred
within a few hours, which is rapid for a stainless steel, indicating this material had a high

susceptibility to cracking under the tested conditions.

5.3.1 CGR Testing of 4D2

The CGR test results for specimen 4D2 are given in Figure 53. On the Y axis of this figure,
‘a’ represents crack length, while ‘W’ indicates the original length of the specimen, and so ‘a/W’
represents the normalized crack length (see Figure 48 for starting specimen dimensions). The blue
line represents the crack length as a function of time, and in Figure 53 (a) the various crack growth
rates are indicated in mm/s for the pre-cracking stages of the CGR test. The reduction in frequency
f is indicated on the plots, and then fatigue cycling is stopped and the crack is allowed to grow at
a constant stress intensity K. At this point, the crack growth rate increases. This is because the
average stress intensity at constant load is higher than during the variable load present during
fatigue pre-cracking. In Figure 53 (b) it can be seen that at the initial constant K value of 18
MPaVm the crack growth rate was quite high, and the usable length of the specimen would have
been consumed before water chemistry changes could be conducted as planned. The applied stress
intensity (pink line) was then lowered to 11 MPaVm and the crack growth rate stabilized at

1.7x10" mm/s. The crack seemed to have stalled and so as can be seen in Figure 53 (c) by the step
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changes in the stress intensity factor that cycling was introduced to attempt to restore crack growth.
An increase in K to 14 MPaVm resulted in increased crack growth rates; after this change in stress
intensity factor, the first water chemistry change was attempted. A few hours after this water
chemistry change, an apparent jump in the crack length of 1.2 mm occurred. The crack length as
recorded by DCPD underwent two apparent ‘jumps’ as shown in (¢) and (d) of Figure 53, which
were relatively close to changes in water chemistry when examining the plots. It should be noted
however that there were still several hours between the chemistry change and the apparent crack

jump.
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4D2, 304SS 15 dpa, 340°C, 1000 ppm B & 11.3 ppm K, 35 cc/kg H:
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Figure 53. Crack length, outlet conductivity and K for specimen 4D2 in 340°C hydrogenated water (a) during
pre-cracking stage, (b) after decreasing K, (c) during the water chemistry switch from Li to K, (d) during the water

chemistry switch from K to Li and back to K.

5.3.2 CGR Testing of 4D1

The CGR test results are shown in Figure 54. In Figure 54 (a), again, the pre-cracking
stage is distinguished by the rapidly changing stress intensity factor utilized in the initial ~12 hours
of the test. In Figure 54 (b), stable crack growth rates were established, and, three water chemistry
changes were conducted without incident. During this test, several water chemistry changes were

conducted without apparent jumps in crack length. However, such jumps were observed during
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other parts of the CGR test and the test was ultimately terminated by one. Figure 54 (c) an apparent
crack length jump occurred. Two water chemistry changes were conducted following this. About
30 hours later, a second apparent crack length jump occurred. After this, the crack growth
appeared to stall. Cycling was introduced in an attempt to restore crack growth. A change in water
chemistry was conducted. A crack length jump occurred shortly afterwards which terminated the

test.
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Figure 54. Crack length, outlet conductivity and K of 4D1 specimen in 340°C hydrogenated water (a) during

pre-cracking stage, (b) during the water chemistry switch of Li — K — Li — K under EOC condition, (c) during the

water chemistry switch from K to Li and back to K under BOC condition.

82



5.3.3 Fractographic Examination of 4D1 and 4D2

After the completion of CGR testing specimens 4D1 and 4D2 were cooled to room
temperature, and fatigue cracked in air to fully fracture the CGR specimen and allow for
fractography. The fracture surfaces of both specimens was entirely intergranular. Typically it
would be expected that transgranular cracking would be observed during fatigue portions of the
test at the beginning, and either transgranular cracking or ductile tearing during the post-test
fracture in room temperature air.

The fractographs for specimen 4D2 are given in (Figure 55). A notable feature of the
fracture surface was the appearance of lifted-up areas of the crack surface. On the surface of some
of these lifted up areas are regions without any apparent oxide deposits on the surface (Figure 56).
This would suggest that this region is a ligament which was initially bypassed by the primary
fracture and remained intact until a later portion of the test or even until the final fracture of the
specimen in room temperature air. Generally similar features were observed in specimen 4D1.

The overall features of the two specimens are summarized in Figure 57.
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Figure 55. Fracture surface with marked ligaments on both sides of (a) specimen 4D2, (b) specimen 4D1.
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(b)

Figure 56. (a) Ligament #2 on the fracture surface of 4D2, (b) ligament #4 on the fracture surface of 4D1

(crack grew from bottom to top).
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Figure 57. Pre-crack, IGSCC and sudden fracture in air regimes on the fracture surface of (a) 4D2, (b) 4D1

(crack grew from bottom to top).

5.3.4 CGR Testing of 1FB

After the testing experience with specimens 4D1 and 4D2, it was decided for specimens
1FB and 1FA to grow shorter cracks, where CGR data collected had been repeatable, and to keep
the specimens intact after the test to investigate the crack structure by metallography in a future
program (outside the scope of this thesis). The CGR test results for specimen 1FB are given in

Figure 58. In this test, three water chemistry changes were conducted with no effect on CGR.
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Figure 58. Crack length, outlet conductivity and K vs. test time of 1FB in 340°C hydrogenated water

during (a) pre-cracking stage, (b) the water chemistry switch of Li — K — Li — K under BOC condition.
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5.3.5 CGR Testing of 1FA

The CGR test results for specimen 1FA are given in Figure 59. Unlike previous tests which
were all started using LiOH, this test was started using KOH water chemistry, specifically to
investigate if this change would have any effects on the crack initiation or pre-cracking phases of

the test. Two water chemistry changes were conducted during this test with no effect on crack

growth rate.
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1FA, 304SS 9 dpa, 340°C, 1000 ppm B & 11.3 ppm K, 35 cc/kg H:
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Figure 59. Crack length, outlet conductivity and K vs. test time of 1FA in 340°C hydrogenated water during

(a) pre-cracking stage, (b) the water chemistry switch of K — Li — K under BOC condition.

5.4 Discussion

During the post-test fractography of specimens 4D1 and 4D2, it was noticed that the
fatigue regions of the specimen and the regions fractured at room temperature were intergranular.
This deviates from the transgranular behavior that would typically be expected. This suggests that
these materials may have substantial susceptibility to intergranular cracking. It also raises the
question of whether IASCC was being observed in the specimen, if intergranular cracking was

also occurring at ambient conditions. Fracture toughness tests conducted on the same materials at
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similar temperatures in air did show ductile tearing, but the specimens also underwent
intergranular cracking when being precracked by fatigue cycling at room temperature (Reference
53). Based on this and the extensive secondary cracking observed in the CGR portions of the test,
it can be concluded that crack propagation by IASCC was indeed taking place.

The observation of ligaments on the fracture surface of 4D1 and 4D2 that were apparently
intact longer than the surrounding cracked regions is a possible explanation of the apparent jumps
in crack length. The DCPD system measures crack length by electrical resistance of the specimen,
and so an intact ligament provides a conductive path that effectively causes a ‘short circuit’ in the
DCPD measurement. When such a ligament fails later during the test, there is a step change in the
resistivity resulting in an apparent crack jump. This explanation is supported by the work of
Stigenberg, who studied the influence of crack branching on DCPD measurements (Reference 57).

Post-test fractography also confirmed that the final actual crack lengths correlated to the
values measured by DCPD by within 15% of the crack length, which is satisfactory for IASCC
CGR testing.

Crack growth rates at longer crack lengths were not found to be repeatable, and were affected to a
greater extent by apparent crack length jumps and stalling cracks. This is likely due to the
development of extensive crack branching. CGRs measured earlier in the tests had higher
repeatability, and so these data were considered to be representative, while data from later in the
tests of 4D1 and 4D2, where crack branching led to ligament formation and DCPD error, are not
considered representative. The representative CGRs (that is, CGRs measured during portions of
the test considered to be repeatable and representative of the material) are given in Table 8 along
with the conditions wherein those CGRs were measured. CGRs measured under the same

conditions show variation among different segments by as much as a factor of two. So, there would
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need to be a difference greater than this between CGRs in KOH versus LiOH for any difference in
CGRs between the environments to be considered significant. Comparing the CGRs in KOH to
LiOH, no such difference is observed. Combining this with the observation of no changes during
water chemistry changes during the testing allows it to be concluded that, for the conditions studied
in this experiment, there is no significant impact of changing water chemistry from LiOH to KOH
(or vice versa) on IASCC CGRs. There also seems to be no significant impact of EOC versus
BOC conditions (changing boron content). There is of course a first-order correlation between the
CGR and the stress intensity factor, K.

The lack of an effect of changing alkali ions on the CGR goes against the hypothesis put
forth in subsection 5.1, expecting LiOH to create a more aggressive environment and enhancing
cracking. It could be the case that these alkali ions do not participate in the fracture process. It is
also possible that the effect is either below the limit of detection of these experiments (a factor of
two) due to the inherent scatter in SCC CGR data, or, require longer experimental times for such
a difference to develop. The length of these experiments was only hundreds of hours with testing
conducted at high stress conditions intended to accelerate cracking, whereas power plant
components operate for decades and would be exposed to such environmental conditions for orders

of magnitude more time.
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Table 8. Summary of the representative CGR results, and the environments they were measured in.

Specimen Radiation Li or K water BOC or EOC

ID damage chemistry condition K(MPavm) CGR (mm/s)
15 dpa LiOH BOC 18 1.8x107°
4D2
15 dpa LiOH BOC 14 6.6x10°®
15 dpa LiOH EOC 18 1.9x10°
15 dpa LiOH EOC 14 8.4x10°®
4D1 15 dpa KOH EOC 14 6.8x10°
15 dpa LiOH EOC 14 5.4x10%
15 dpa KOH EOC 14 7.7x10°
1FB 9 dpa LiOH BOC 18 1.0x107°
9 dpa KOH BOC 18 1.0x10°
1FA 9 dpa LiOH BOC 18 6.8x10°
9 dpa KOH BOC 18 6.1x10°
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6.0 IASCC Crack Initiation Experiments

This project is supported by an award from the DOE-NE’s Nuclear Science User Facility
(NSUF) program under award 19-16567. While much of the testing work has been completed,
there is still some scope remaining. Upon completion of the entire workscope, the results will be
published in peer reviewed literature.

This work is being conducted with the collaboration of Lijin Dong, Gary Was, Abdullah
Alsinglawi, and Kai Sun at the University of Michigan. Lucille Giannuzzi and Arash Parsi assisted

with the generation of the FIB liftouts at Westinghouse Churchill Site.

6.1  Motivation and Experimental Objectives

The objective of this experiment is to investigate the IASCC initiation behavior of Type
347 stainless steel in lithium hydroxide and potassium hydroxide water chemistries across a range
of irradiation damage and stress levels. One result of this objective will provide data supporting
improved predictive capabilities of IASCC failures by assessing the radiation dose dependence of
IASCC initiation. In power plant components like the baffle-former bolts examined in Section 4.0
the crack initiation step of IASCC is the rate limiting step, taking much longer than crack
propagation to failure. The results of this study will also be directly beneficial to the U.S. nuclear
industry by providing an understanding of IASCC susceptibility in potassium hydroxide water
chemistry, which may provide cost savings and more secure supply chains to nuclear power plants.

These objectives are consistent with the DOE’s NE mission, which includes efforts to develop
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technologies and other solutions that can improve the reliability, sustain the safety, and extend the

life of current reactors.

6.2  Methodology

This experiment accomplished the research objectives by creating two sets of nominally
equivalent sub-sized IASCC initiation test specimens from PWR-irradiated Type 347 baffle-
former bolts, mechanically testing the specimens in simulated PWR conditions (with either LiOH
and KOH additions), and conducting examinations of the specimens to determine IASCC initiation
behavior and microstructural factors influencing this behavior. The use of Type 347 material in
this study is important because most of the available data on IASCC initiation are based on cold-
worked Type 316 from flux thimble tubes, which have not been observed to fail by IASCC during
plant operation despite reaching high radiation damage levels. Specimens were fabricated at the
hot cell facility at Westinghouse Churchill Site, while IASCC initiation testing was conducted at

the University of Michigan.

6.2.1 Material and Specimen Manufacture

The IASCC initiation test specimens are small disks (Figure 60) which enable multiple
specimens to be cut from the shank of a baffle-former bolt at the same location along its length.
This resulted in sets of specimens with effectively equivalent radiation dose and service conditions.
This specimen geometry was previously successfully implemented in IASCC testing of Type 316

stainless steel (Reference 58) providing new information on the specific sites at which cracks
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initiated and the relation between deformation and cracking. Specimens from each set were tested
in lithium hydroxide and in potassium hydroxide environments, which allowed for a direct

comparison of the effects of these environments at each dpa level.

T N 0
3.57 . N A
-4 0,801 Al
-3 5 /A
Figure 60. Left - Specimen Geometry (Dimensions in millimeters)

Right — Specimens Inside 12.7mm Diameter Baffle-former Bolt Shank (conceptual sketch)

The radiation dose varied in a predictable fashion along the axis of each baffle former bolt.
Specimens of a range of fluences were created for testing, allowing the effects of radiation dose
on IASCC initiation to be examined. The range of radiation damage and stress targeted by the
tests are shown in Figure 61. By allowing many specimens to be cut from the same piece of bolt,
heat-to-heat effects on the cracking behavior are eliminated. Because the radiation dose to such
material increases as power plants age, this understanding will allow for improved prediction of

IASCC-related degradation.
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Figure 61. Areas to be investigated by this experiment shown in green boxes, relative to data generated by

testing Type 316 O-rings irradiated in PWRs (Figure adapted from Reference 60)

The material used for testing was from baffle-former bolts extracted from commercial
PWRs. The chemical composition of the bolts is shown in Table 9. These baffle-former bolts
were in storage at the Westinghouse Churchill Hot Cell Facility in the High Level Cell. The
materials were owned by Westinghouse, and existed as fractured (due to IASCC) bolts or whole

bolts.
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Table 9. Chemistry of Baffle-former Bolt Materials (from Reference 39)

Heat /

Bolt Fe |[Ni |Cr |[Mn |[Mo |[Nb |Si C P S N Ti

N-R4C4 |694 10 (175 |17 |01 |11 |0.47 |0.05|0.087 |0.023 |0.04 0.1

E-R4C6 |66.9(109 (192 |17 |01 |08 |0.47 [0.05 | 0.034 |0.020 | 0.04 |0.2

W-R3C5 |66.4|11.2|19.7 |17 |01 |08 |0.47 |0.05|0.034 [0.021 |0.04 | -

S-R5C7 |66.8]109]196 |1.7 |01 |08 |0.47 |0.05 |0.034 |0.020 | 0.04 |-

These materials were previously characterized as part of failure analysis (Reference 59)
and as part of industry research efforts (Reference 37). Such characterizations have included
fractography (in the case of failed bolts), metallography, mechanical testing, and TEM.

The material considered for use in this project is shown in Table 10. This is limited to
Westinghouse-owned Type 347SS baffle-former bolts that have been shipped to Westinghouse as
part of various failure analysis efforts. The table indicates the radiation damage of each bolt in
displacements per atom (dpa); these values are estimates based on neutron fluences calculated for
comparable bolts.

The radiological activity of the baffle-former bolts used varied. Historically, they have
been >>1000 R/hour on contact and were handled remotely at all times. This necessitated
machining in a hot cell. The “M Cell” at the Churchill Hot Cell facility was chosen for this

purpose.
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Table 10. Identification of baffle-former bolts to be assessed for use in this project

dpa at

Plant Bolt ID head Status

D.C.

Cook R\Q/C-:S 22.5 Intact

Unit 2

D.C.

Cook E-R4C6 23.1 Intact

Unit 2

D.C.

Cook | S-R5C7 | 232 | Fracturedat

: head-to-shank

Unit 2

D.C. e toshenk

Cook S-R2C6 15.6 cut up into !

Unit 2 P
specimens

D.C.

Cook | S-R6C6 23 Intact

Unit 2

Photograph

. (|
o (R
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Table 10. Identification of baffle-former bolts to be assessed for use in this project

Plant | Bolt1p | draat

head Status Photograph

Fractured at
head-to-shank.
The nut
D28 33 attached to the
threads is for
specimen ID
purposes.

Salem
Unit 1

Fractured at
head-to-shank.
The nut
F23 29 attached to the
threads is for
specimen ID
purposes.

Salem
Unit 1

A Tormach PCNC 440 machine was used to machine the specimens. This was
accomplished by milling the cross section of the four-point bend specimen into the baffle-former
bolt and then using a fine saw blade to cut individual specimens free. Computer-aided drawing
(CAD) sketches of the result of such a process on a bolt are shown in Figure 62. This process was
slightly different from the proposed cutting diagram in Figure 60, and was considered an
improvement because it allows six specimens to be cut from a single location along the bolt. In
the project proposal, 24 tests were proposed. It was decided to cut 6 specimens from each of 5
locations to allow for a spare at each location should a sample become damaged during
preparation; such a spare could also be used as a starting point for transmission electron
microscopy (TEM) specimen preparation.

Practice machining was conducted on unirradiated material using the same model

computer-numeric control (CNC) machine and same CNC program that was to be used for the
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irradiated material (Figure 63). This process was found to consistently produce acceptably-sized

specimens.

Figure 62. Baffle-former bolt (left) showing cross-section of 4-point bend specimen milled into the threaded

end, and (right) the 4-point bend specimens cut free from the bolt.

Figure 63. Machining of 4-point bend samples from unirradiated practice bolt

101



To provide the range of radiation damage levels appropriate to the experiment, samples
were cut from Salem Unit 1 bolt D28, D.C. Cook Unit 2 S-R2C6, and D.C. Cook Unit 2 S-R6C6
from the approximate locations shown in Figure 64, Figure 65, and Figure 66. This was achieved
by installing the Tormach CNC machine into the M Cell (Figure 67). Machining was monitored
by video camera installed inside the CNC machine; key steps of the machining process can be seen

in Figure 68 and Figure 69.

Salem 1 D28

rlle’ 20 g s

Figure 64. Approximate locations for specimen machining for Salem 1 bolt D28. The 18 dpa sampling

location is at the end of the threaded portion of the bolt, obscured by the nut used for ID purposes.
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Figure 66. Approximate location for specimen machining for DC Cook 2 S-R2C6
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Figure 67. Tormach CNC Machine Installed in Cell M

Tool
Spindle

Milling
tool

A S
4-point Bend
: Baffle- i
Specimen Cross - R b ol S
Section R = - ‘.‘ -

Figure 68. View within CNC machine, within M Cell, showing milling of 4-point bend cross section into

threaded end of bolt
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4-point Bend

Specimen Nearly
Cut Free from
Cross Section

Figure 69. View within CNC machine, within M Cell, showing 4 point bend specimens being cut free from

the bolt

After the 4-point bend specimens were cut free, the specimens were deburred. The
specimens were then temporarily mounted in Konductomet® specimen holders, fastened in place
using a small amount of Crystalbond. This allowed polishing of the specimens using typical
metallographic polishing equipment. The specimens were polished to a final stage using oxide
polishing suspension (OPS, colloidal silica).

After polishing, the specimens were electropolished to remove any residual cold work from
the mechanical polishing process, and provide a high-quality surface to allow for examination of
crack initiation sites. The specification ASTM B912 (Reference 62) gives a typical
electropolishing solution recipe as a 1:1 mix of 96% sulfuric acid and 85% orthophosphoric acid,

which was used for this project. The applied voltage was 5 volts, and applied current was 2 amps
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for a current density of 4.6 amps/cm?. As the OPS polish leaves a very minimal amount of residual
cold work, 15 seconds of electropolishing was considered sufficient to remove it. This practice
was in line with recommendations from the University of Michigan. On practice specimens, the
effect of the 15 second electropolish treatment was observed to both clean the specimens and
remove a small amount of material. Material removal was selective towards vertices, and so
removal of material was apparent when the grain boundaries in the polished surface were not
visible afterwards (Figure 70). Longer electropolishing times (45-60 seconds) appeared to show

selective attack of stringer-like inclusions of the material (Figure 71), which is undesirable.

Figure 70. Effect of electropolishing showing difference between (left) as polished specimen and (right)

specimen after 15 seconds of electropolishing
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Figure 71. Effect of electropolishing showing difference between (right) as polished specimen and (left)

specimen after 60 seconds of electropolishing, with the etching of stringers indicated by red arrows

The specimens remained in the Konductomet specimen holder during the electropolishing
process. This allowed for easier handling of the specimens during the electropolishing. The
specimens were then removed from the temporary mounts and cleaned in acetone. The specimens
were then placed in membrane boxes, photographed in the open membrane box (to minimize
handling), and then sealed in the membrane box.

Of the 6 pieces that were removed from each material location, 5 specimens were
designated for 4-point bend testing while the 61" was used for preparing TEM specimens. This 6%
4-point bend specimen (of each material condition) was cut further into small pieces (roughly
quarters), and one small piece was then mounted in Konductomet inside of a stainless steel tube

(to allow for easier handling and breaking out of the larger metallographic mount), polished to
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OPS, and electropolished (Figure 72). TEM samples were prepared by focused ion beam (FIB)
preparation of TEM lamella using the Tescan LYRA-3 GMU FIB/SEM (dual beam FIB with an
Orsay Physics Canion FIB column) in the Westinghouse Churchill Site Electron Optics laboratory.
The ExpressLO LLC Nicola 800 ex situ liftout system was used for placing the cut lamella onto
ExpressLO proprietary TEM grids.

First, to better identify grain boundaries, each sample was further polished using the ion
beam at a current of 1 nA over a wide area (a view field of approximately 460 pum). Due to the
differential milling rate of grains at different orientations, the grain structure became apparent
(Figure 73). Areas of interest were selected, aligning a grain boundary with the center of where
the specimen was to be extracted (Figure 74), and a carbon mask (~20um x 2 um, 1 um thick) was
deposited over these areas to protect them from the ion beam. Trenches were then cut on both
sides of the carbon deposits (Figure 75), surfaces polished (typically at or below 1 nA), and
undercut (Figure 76). As is seen from the undercut lamella (Figure 77), it was usually possible to
identify multiple grain boundaries and sometimes inclusions. The lamella surfaces were then
further polished to remove redeposition after undercutting, and the final tabs milled away, which
allowed the lamella to rest unattached at the bottom of its trench. The sample was then removed
from the FIB/SEM and placed on the stage of the ex situ system. Once placed, the lamella was
extracted from the trenches (Figure 78) and placed on a copper grid with numbered slots (Figure
79). Once all lamellas were transferred to a grid, it was placed back in the FIB/SEM and carbon
was deposited on the edges to further secure the specimen (Figure 80). Final thinning to electron
transparency was then completed. Each lamella was thinned at 30 kV and ~100-120 pA, followed

by a final polish at 5 kV at 40-50 pA.
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FIB HV: 30 kV

View field: 460 ym
Date(m/dly): 08/06/21

Black
Konductomet
Mounting
compound

Irradiated
sample

Microscopy
sample
mounting
stub

Figure 72. Sample for TEM Lamella Extraction in Protective Case

LYRA3 TESCAN FIB HV: 30 kV

Det: SE 100 ym View field: 406 ym Det: SE
Arash Parsi Westinghouse Date(m/dly): 08/06/21 Arash Parsi

Figure 73. Specimen (left) before and (right) after wide-area ion beam polishing
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Figure 74. Selection of carbon deposition regions, attempting to center grain boundaries under the mask

prior to ion milling for lamella preparation
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SEM HV: 30.0 kV WD: 9.00 mm | I | LYRA3 TESCAN

View field: 175 pm Det: SE 50 um
R6C6EHS5 As rough trenched | Date(m/d/y): 08/08/21 Westinghouse

Figure 75. Trenches cut around carbon deposits
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FIB HV: 30 kV LYRA3 TESCAN
View field: 172 ym Det: SE

Date(m/d/y): 08/09/21 Arash Parsi

Figure 76. Six undercut lamellas
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SEM HV: 10.0 kV WOD: 8.97 mm | LYRAJ TESCAN
View field: 27.6 pm Det: SE 5 Westinghouse

Figure 78. Lamella attached to lift-out needle prior to placement on grid (light optical image)
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EXpressLO LLC
Nicola 800

Figure 79. Lamella placed on grid (light optical image)
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SEM HV: 15.0 kV WD: 9.02 mm LYRA3 TESCAN
View field: 21.3 ym Det: SE Westinghouse

Figure 80. Lamella deposited on grid after final thinning (viewed via SEM)

The final length, width, and dose rates of each 4-point bend specimen is recorded in Table
11. The dose (dpa) in this table reflects the best-estimate for the as-machined location. As
previously discussed, the five specimens with the best surface of the six were selected for testing,
while the sixth was used for TEM specimen generation. TEM specimens shipped to University of

Michigan are recorded in Table 12.
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Table 11. Final Irradiated 4-point Specimen Identities, Dimensions, and Dose Rates

Length Width Dose rate Dose B_est
4 Specimen (mm) (mm) on contact rate at Estimate

[Target [Target (R/hr) 30 cm on dose

5mm] 3.5mm] (mR/hr.) (dpa)
1 D28-H-1 5.05 3.49 16.2 83 26.4
2 D28-H-2 5.05 3.51 16.2 93 26.4
3 D28-H-3 5.05 3.49 15.6 90 26.4
4 D28-H-4 5.05 3.51 15.1 100 26.4
5 D28-H-5 5.05 3.51 16.1 90 26.4
6 D28-T-1 5.05 3.51 14.5 93 16.5
7 D28-T-2 5.05 3.51 14.1 84 16.5
8 D28-T-3 5.05 3.51 13.9 85 16.5
9 D28-T-4 5.05 3.52 14.8 81 16.5
10 D28-T-5 5.05 3.51 14.2 83 16.5
11 S-R6C6-H-1 5.05 3.48 5.6 33 18.4
12 S-R6C6-H-2 5.03 3.48 5.6 33 18.4
13 S-R6C6-H-3 5.03 3.47 55 34 18.4
14 S-R6C6-H-4 5.03 3.48 53 36 18.4
15 S-R6C6-H-6 5.08 3.52 5.2 34 18.4
16 S-R6C6-T-1 5.05 3.51 4.8 34 115
17 S-R6C6-T-2 5.07 3.49 4.76 35.8 115
18 S-R6C6-T-3 5.07 3.51 4.7 29.9 115
19 S-R6C6-T-5 5.07 3.51 4.75 32.7 115
20 S-R6C6-T-6 5.08 3.51 4.76 29.4 115
21 S-R2C6-T-1 5.07 3.52 3.1 24 7.8
22 S-R2C6-T-2 5.09 3.53 3.2 23 7.8
23 S-R2C6-T-4 5.07 3.54 3.5 26 7.8
24 S-R2C6-T-5 5.07 3.56 3.3 26 7.8
25 S-R2C6-T-6 5.11 3.56 3.6 24 7.8
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Table 12. TEM Specimens Prepared from Baffle-former Bolt Material

Specimen used f_or Irradiation Level Number of Lamella | Positions on Grid
Lamella Extraction (dpa)
D28-H-6 26 1 intact (1 damaged) 2,3
S-R2C6-T-3 8 3 2,3,5
S-R6C6-H-5 18 3 2,3,5

The 4-point bend specimens were shipped from Westinghouse Churchill Site and received
at the University of Michigan on October 27, 2020. The TEM specimens were shipped from
Westinghouse Churchill Site and received at the University of Michigan on September 2", 2021.

No difficulties or irregularities were encountered in either shipment.

6.2.2 1ASCC Initiation Testing

The miniature 4-point specimens underwent IASCC initiation testing in a stainless steel
refreshed water autoclave system capable of simulating the PWR primary water environment. The
design of the test fixtures used to conduct these tests is shown in Figure 81. The shielded autoclave
system used to conduct the testing on the radioactive samples is shown in Figure 82. The test is
conducted in an interrupted mode, where each specimen is strained to a fraction of the irradiated
yield stress at a strain rate of 4.3 x 108 s1. Once the target fraction of the irradiated yield stress is
achieved, the specimen is unloaded, removed from the autoclave, and inspected via a JEOL JSM-
6480 SEM for the initiation of cracking. Targeted stress levels for each specimen were 40%, 50%,
60%, 70% and 80%, or until cracks initiated.

Testing was conducted at 320 degrees Celsius in all cases, with a hydrogen overpressure
of 35 cc/kg to remove any free oxygen from the system. Water chemistry was maintained with

either 2 ppm LiOH or 12.3 ppm KOH to maintain the same pH in the different water chemistries.
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Figure 81. Design of test fixtures used for 4-point bend testing. The left image shows a CAD drawing of

the overall fixture assembly with a specimen inserted, while the right image shows a cross-section of the fixture with

the specimen removed. From Reference 58.

Figure 82. Shielded autoclave station at the University of Michigan, showing (a) the user controls, (b) the
supporting piping and resin columns, and (c) the insulated autoclave system sitting atop the load frame. Photographs

courtesy of University of Michigan
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6.3

Results

As this work is still ongoing, these results are considered preliminary. The complete results

will be published in a future peer-reviewed journal article. At present, testing of twelve specimens

for crack initiation has been completed and analyzed. Six specimens have been tested in each

water chemistry at this time, allowing a meaningful comparison to be made.

Figure 83 shows an example of the specimen surface of D-28-H3 after completion of

testing. The oxidation of the surface is apparent, and cracking is readily visible in backscatter

mode. Figure 84 shows the surfaces of the six samples tested in KOH water chemistry, with the

region of uniform tensile stress and crack initiation locations shown. The resulting summary data

on crack initiation for samples tested in KOH are given in Table 13.

Table 13. Results for specimens tested in KOH

Sample ID D28-H-3 | S-R6C6-H-4 | S-R6C6-T-5 | S-R6C6-T-3 | S-R2C6-T-1 | S-R2C6-T-2
Thickness (mm) 0.795 0.8 0.805 0.81 0.735-0.765 0.8
dpa 264 18.4 1.5 1.5 78 78
Yield stress (MPa) 1089 1082 1050 1050 996 996
Crack initiation 0.6 0.6 0.6 0.8 0.6 0.8
Stress
5 0
Appheigt)ress "1 06 | 07 0.6 0.6 0.8 0.6 0.8
Number of cracks 9 13 3 10 3 40 5
Average crack | 247 | 45.65 |y oh 10 | 1075021 | 9.04032 | 4584054 | 8.23+0.5
length (um) 2.0 1.5
Crack density
(oracksmmy | 52 | 74 17 5.8 17 26.2 2.9
Crack length/unit | 133.7 | 337.6 3338.8+227
woa () | 433.6 | 1259 | 276354 | 700519 15.343.1 N 23.542.5
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Loading direction

Figure 83. An example crack from specimen D28-H-3 at 26.4 dpa, viewed in back scatter mode after testing

at 60% and 70% of the irradiated yield stress in KOH water chemistry

120



D28-H-3, 0.6YS / S-R6C6-H-4, 0.6YS

S-R6CE.T-506YS

Crack initiation regior—=

Figure 84. Images of 4-point bend specimens after testing in KOH water chemistry. The dashed red boxes

indicate regions of uniform surface stress.

Figure 85 shows an example of the specimen surface of D-28-H1 after completion of
testing. The oxidation of the surface is again apparent, and cracking is readily visible in backscatter
mode. Figure 86 shows the surfaces of the six samples tested in LiOH water chemistry, with the
region of uniform tensile stress and crack initiation locations shown. The resulting summary data

on crack initiation for samples tested in LiOH are given in Table 14.
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Figure 85. An example crack from specimen D28-H-1 at 26.4 dpa, viewed in back scatter mode (top) and

secondary electron mode (bottom) after testing at 80% of the irradiated yield stress in LiOH water chemistry

Table 14. Results for Specimens Tested in LIOH

Sample ID D28-H-2 | D28-H-1 | S-R6C6-H-3 | S-R6C6-H-6 | S-R6C6-T-2 | S-R2C6-T-4
Thickness (mm) 0.82 0.81 0.785 0.804 0.835 0.785
dpa 26.4 26.4 18.4 18.4 1.5 7.8
Yield stress (MPa) | 1089 1089 1082 1082 1050 996
Crack initiation 0.8 0.8 06 0.6 0.8 0.7
Stress
5 0
Applied stress (% 0.8 0.8 0.6 0.6 0.8 0.7
YS)
Number of cracks 3 5 4 4 3 4
Average crack |y ©1 058 | 32340.88 | 8754050 | 10254057 | 1374042 | 11.3+0.48
length (um)
Crack density
(horacks/mmd) 1.7 2.9 2.3 2.3 1.7 2.3
Crack length/unit
18.0242.5 | 93.7+5.4 20.142.2 23.6£2.8 23.343.5 2643.1

area (um/mm?)

122




" D28-H-1, 0.8YS.,,

“ S$-R2C6-T-4, 0.7YS
S-Rt’jCﬁ-T-Z 0.8YSI )

[T

Uniforny sirain region’

Figure 86. Images of 4-point bend specimens after testing in LiOH water chemistry. The dashed red boxes

indicate regions of uniform surface stress.

Figure 87 summarizes the average crack length and crack length per unit area for the
samples tested in KOH and LiOH water chemistries. While slight differences can be observed
(note the difference in Y axis between the left and righthand plots), these are relatively minor in
the context of SCC initiation testing, especially for a single specimen at each condition. The trends
between the two data sets are in relatively good agreement. Figure 88 offers another graphical
comparison between the KOH and LiOH data sets, this time for the crack initiation stress. Once
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again, some differences exist, but the general level agreement is quite good for testing a single

specimen for SCC initiation.

Average crack length (um)
(=
[=]

10 4

Figure 87. Average crack length (um) and crack length per unit area (um/mm?) for samples tested in KOH

water chemistry (left) and LiOH water chemistry (right)

Figure 88. Comparison of crack initiation stress at the investigated dose rates for KOH and LiOH water

chemistries
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As mentioned previously, a benefit of this method of 4-point bend testing for crack
initiation is the ability to identify specific microstructural features associated with crack initiation.
In previous research, dislocations channels and manganese sulfide inclusions were identified as
precursors for IASCC initiation (Reference 58). In this work however, while such features were
present, these were not identified as necessary conditions for IASCC initiation. Oxidation of grain
boundaries was observed as a precursor to crack initiation. An excellent example of this is given
for specimen D28-H-2 in Figure 89. Here, the progression of grain boundary oxidation to crack
initiation can be observed at a triple junction. At 60% of the irradiated yield stress, some oxidation
of the grain boundaries can be clearly observed. At 70% of the irradiated yield stress this oxidation
has become more severe, while at 80% of the irradiated yield stress crack initiation has occurred.

Figure 90 compares the data in this study to the available crack initiation data from other
sources, including the O-ring testing documented in Reference 60. Note that the ‘tails’ on the data
points associated with this work are related to the uncertainty in the testing process, where
specimens are loaded in increments of 10% of the irradiated yield stress. Generally the data
generated in this experiment follow the trend of the available crack initiation data, and all fall
above the presently established threshold stress for IASCC initiation. In the author’s opinion, one
notable difference between the data generated in this study and the literature data is that the crack
initiation data generated by the four-point bend method do not exhibit the same scatter towards
high irradiated yield stress as some of the other crack initiation data do. This may be due to the
‘slow strain rate test’ like loading of the four-point bend specimens, creating a stress state
potentially more severe than the quasi-static loading targeted by other crack initiation testing

methods, such as the O-ring method described in Reference 60.

125



Crack initiated at

iplejunction " |

Figure 89. Images in (left) backscatter mode and (right) secondary electron mode of the progression of crack

initiation at a location on sample D28-H-2
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Figure 90. Comparison of data generated in this program to literature data

6.4 Discussion

While further work is in progress in this area, including TEM analysis of specimens during
this experiment, the results to date have clear relevance to the topic of this thesis. While no
significant difference in crack initiation behavior has been observed between the KOH and LiOH
environments in the testing to date, the influence of stress and radiation damage are clear. Figure
87 clearly shows an increase in average crack length and crack length per unit area with increasing
radiation damage in both environments, although the reason for this increase is not immediately
obvious because saturation of mechanical properties is expected to be essentially complete by 10

dpa, and the largest increase in these measured parameters occurs after 18.4 dpa. The relationship
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between stress and crack initiation behavior is quite obvious, as illustrated by Figure 88 and Figure
90 where a threshold stress is required to be exceeded for crack initiation to occur. As this work
was the first to conduct testing of its kind on neutron-irradiated Type 347 stainless steel, and
presently represents the largest IASCC initiation dataset on such material, it is important to
demonstrate that it follows these expected trends which were largely developed on Type 316
stainless steel extracted from flux thimble tubes.

The lack of an effect of changing alkali ions on the crack initiation behavior also goes
against the hypothesis put forth in subsection 5.1, expecting LiOH to create a more aggressive
environment and enhancing cracking. It could be the case that these alkali ions do not participate
in the fracture process. It is also possible that the effect is either below the limit of detection of
these experiments due to the inherent scatter in SCC initiation data, or, requires longer
experimental times for such a difference to develop. The length of these experiments was only
hundreds of hours with testing conducted at high stress conditions intended to accelerate cracking,
whereas power plant components operate for decades and would be exposed to such environmental

conditions for orders of magnitude more time.
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7.0  Proton-Irradiation of Additively Manufactured Materials

This experiment was conducted with the assistance of Ovidiu Toader and Gary Was at the
University of Michigan. Funding assistance for the proton irradiation and mechanical testing were

provided by NSUF under Rapid Turnaround Experiment (RTE) award number 19-2869.

7.1  Experimental Objectives

Additive manufacturing has the potential to be a transformative manufacturing technology,
but appropriate applications must be identified. One concept for additive manufacturing is
replacement of out-of-production hardware, such as replacement components for nuclear reactors.
This experiment was intended to evaluate the SCC and IASCC susceptibility of Type 316 stainless
steel produced by binder jet and laser powder bed fusion (LPBF) additive manufacturing methods
for potential use as reactor structural materials.

The three materials selected for study in this experiment included wrought material (fabricated
from plate material) as a control sample. LPBF material was selected as this additive
manufacturing method can quickly produce dense metallic components, though significant
residual stress and elemental segregation can be produced by the rapid laser melting and
solidification occurring during this process, which results in a unique microstructure. The process
is shown in Figure 91. Essentially, a layer of powder is melted by the laser on to the part being
built, which is then lowered in the powder bed and a new layer of powder is spread over it for the

melting operation to be repeated, until layer by layer a component is produced. The LPBF

129



microstructure consists of a series of small melt pools as shown in Figure 92, which can be
compared to the more traditional wrought microstructure shown in Figure 41. Examining the LPBF
microstructure at higher magnification (Figure 93) a honeycomb or cellular structure can be
observed within the melt pools. Binder jet additive manufacturing produce deposits by sintering
and infiltration method, and result in specimens that have very different microstructures as those
made with LBPF, and do not contain as much residual stresses (Reference 63). This materials
selection was intended to allow comparison of essentially the same material, with three different

microstructures, to allow this variable to be investigated.

Yb-fiber laser Focallenses  Laser beam
H v v i /7%, F-@lensand
# c c y »// Moving mirror
Recoater roller or blade As-bullt part i
for spreading powder i
p o t:I 4] in powder bed Powder metal bed

Build powder bed
chamber

Powder supply ~ Build platform lowered Powdher ct;llector
chamber layer by layer chamber

Figure 91. Illustration of the laser powder bed fusion (LPBF) process from Reference 63.
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Figure 92. Etched metallographic cross-section of Inconel 718 fabricated by selective laser melting in an
argon environment showing the melt pool structure resulting from rapid laser melting and cooling. Arrow indicates

build direction. From Reference 65.
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Figure 93. SEM images showing (a) the melt pool structure present in a LPBF Type 316L sample after
etching with Vilella’s reagent for thirty minutes and (b) the texture of the etched material at the intersection of two

melt pools. From Reference 65.
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7.2  Methodology

7.2.1 Material and Specimen Fabrication

Type 316 stainless steel wrought material in plate form was provided by Westinghouse to
provide material for control samples. These samples were cut from the plate using a water jet
cutter. LPBF material was provided by Pitt, utilizing the EOS M 290 system in Pitt’s ANSYS
Additive Manufacturing Research Laboratory to fabricate the samples. Samples were fabricated
using the binder jet method were provided by ExOne, per sketches shown in Figure 94. They were
then polished using a rotary tool and a diamond suspension until a mirror-like finish was achieved
on the gauge sections of the SCC samples. The samples were not heat treated. The test matrix for

the samples is given in Table 15.

Table 15. Test Matrix for SCC susceptibility test

Type 316 Stainless Irradiated to 5 dpa, | Irradiated to 5 dpa,
Steel Fabrication tested in inert tested in simulated
Method environment PWR environment
Hot rolled plate X X
(wrought)
Laser Powder Bed X X
Fusion
Binder Jet X X
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Figure 94. Dimensions of Samples

7.2.2 Sample Irradiation

Proton irradiation was conducted at the University of Michigan lon Beam Laboratory (MIBL),
in beamline 2. While not equivalent to neutron irradiation, protons have been confirmed to be a
suitable surrogate for accelerated testing for certain phenomenon, including IASCC initiation,
where the behavior of the surface layer of material is critical (References 67 and 68). This
irradiation was conducted using 2 MeV protons to an irradiation damage level of 5 dpa at 360°C,
maintaining vacuum below 1 x 107 torr. The irradiation was performed from November 9, 2020

to November 20, 2020 using 95 total beam hours with an average sample current of 28 pA. The
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proton beam was rastered over the irradiation area of the sample. The experiment was paused due
to staffing (watchers) scheduling and availability, but the samples were cooled to under 200°C
during all pauses. Specimen irradiation temperature was maintained using the heated stage design
shown in Figure 95, and monitored using a thermal imaging system. The thermal imaging system
was calibrated prior to the start of the irradiation. Three AOIs were set per sample to measure the

sample temperature with the thermal imager.

J-type Thermocouple

Indium

2-3.2 MeV Protons

Thermocouple

Copper Stage

Sampl¢
Hold-down bar

Shim

Figure 95. Stage Design

To understand the resulting depth of radiation damage, a calculation was performed using the
Stopping Range of lons in Matter (SRIM) code. A simulation (Figure 96) conducted using the

achieved irradiation parameters indicates an irradiation damage depth of approximately 20 um.
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Depth vs. Y-Axis

Figure 96. SRIM Results indicating depth of irradiation

In total, it is possible to fit eight tensile bars on the stage for irradiation, with eight TEM bars
placed in the gap between the tensile bars, allowing for an effectively continuous metal surface to
be irradiated (example shown with 4 tensile bars in Figure 97), which is important for proper
irradiation and temperature control. So in addition to the six tensile specimens listed in Table 15,
an additional tensile sample each of the binder jet and LPBF material, for a total of eight, were
irradiated. The specimen distribution of the TEM bars followed that of the tensile specimens: that
is, three LBPF, three binder jet, and two wrought TEM bars were irradiated in the same irradiation

evolution as the eight tensile bars.
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Thermocouple:

Shim

Copper stage

Figure 97. Tensile samples and TEM bars mounted on irradiation stage. Picture courtesy of the University

of Michigan

7.2.3 Testing Procedure

To generate cracks within the tensile samples, constant extension rate tests (CERT) were
performed in the Irradiated Materials Testing Complex at the University of Michigan in a stainless
steel recirculating autoclave equipped with a loading frame capable of loading four tensile samples
at once. One proton-irradiated tensile bar fabricated from each material type (wrought, LPBF, and
binder jet) was tested in argon, and one of each material type was tested in simulated PWR water.
As the proton irradiation only affects one of the four faces of the tensile samples, irradiated and
unirradiated material is tested simultaneously on each sample.

Both CERT tests were conducted at 340°C. The stain rate for the test in argon was ~1.5 X
107/s (minimal strain rate that can be achieved for the gauge length on the available test system)
and it was 1 x 107/s for the test in PWR water. The simulated PWR water contained 1000 ppm B

and 2 ppm Li, 35cc/kg H2 with an outlet conductivity of ~20 uS/cm.
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7.2.4 Sample Evaluation

Post-test examinations were performed at Westinghouse Churchill Site. For initial imaging,
all samples were mounted on a stage with the irradiated side facing up. Later, to image the
unirradiated side of the sample, each sample was rotated 180 degrees, so that the face of the sample
opposite the irradiated face was imaged. The sample order was planned and recorded
photographically (Figure 98), as each individual sample did not contain an identifier, and so it
would be possible to mix up samples if care was not taken. The samples were mounted to the
stage one at a time, and the labeled vials the samples were extracted from were kept in the same
order as the samples on the microscopy stage. The samples were imaged primarily using a Tescan
Lyra-3 GMU dual-beam SEM, although a Tescan Vega system was also used to image some of

the specimens at times due to instrument availability.
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Figure 98. Sample mounting for automated image capture of gauge sections

Figure 99. Tescan LYRA-3 at Westinghouse Churchill Site
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Imaging was conducted 30 KeV and began by taking montages of each gauge section using
the secondary electron detector. By utilizing the automated image capture system, large quantities
of data were collected, typically overnight when the instrument would not otherwise have been in
use. Additional higher-magnification images were taken at specific regions of interest. This
instrument is also equipped with an Oxford Instruments X-Max N-80 silicon drift detector for
Energy-dispersive X-ray Spectroscopy characterization.

Ultimately, upon examination of the specimens, it was found that the presence of cracking
was not “binary.” It was initially expected that cracking either would, or would not, be present on
material of a given condition. For example, the extent of cracking observed in unirradiated
material was not anticipated. Therefore, to allow for meaningful comparison of samples, a
quantitative method of evaluating cracking was required. The automated image capture process
captured hundreds of images for each sample, which provided the basis for this quantitative
method of cracking evaluation. A subset of these images were analyzed, with the center of the
gauge section (where irradiation would have taken place as applicable) being the focus of this
evaluation. At least 100 images analyzed for each mechanically-tested condition; that is, for the
six samples strained to 4%, images from both the irradiated and unirradiated side of the sample
were evaluated. This evaluation included measuring the length of cracking present on each image

and noting the presence of defects.
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7.3 RESULTS
7.3.1 Constant Extension Rate Tests

Figure 100 shows the stress-strain curve for the tests in argon and Figure 101 shows the stress-
strain curve for the tests in PWR water. The small “noise”-like features seen on the curves are
likely due to dynamic strain aging (DSA), which is common at this strain rate and temperature.
The binder jet sample reached 4% earlier due to lower yield stress. All samples were unloaded
when the binder sample reached 4% which caused the big drops for the reference and laser sample
in the stress-strain curves. The wrought (reference) and LBPF samples were then strained further
to reach 4% plastic strain. The yield strength values determined from these tests are given in Table

16.

——Ref ——Binder Laser

Strain (%)

Figure 100. CERT Results in Argon
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Table 16. Yield strength determined from CERT

por %/’m a

7

Environment Material Y.S. (0.2%), MPa Plastic Strain (%)
ASTM A240 Type 316L* 170 -

PWR Wrought 390 4.14+0.05
LPBF 375 4.14+0.05

Binder Jet 148 3.77+0.05

Argon Wrought 385 3.95+0.05
LPBF 333 4.05+0.05

Binder Jet 140 3.76+0.05

*Note the CERT test is not intended to determine yield strength for comparison to ASTM

criteria, but the comparison is instructive.
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7.3.2 Sample Evaluation

The chemical composition of the samples was measured on the as-received surfaces of the

gauge lengths, with results given in Table 17.

Table 17. EDS results on the as-received surface of the samples

Element ASTM A240 Type 316 L | Binder Jet LPBF Wrought
Al - 0.3 0.2 0.3
Si 0.75 max 0.7 0.5 0.6
Cr 16-18 15.1 17.0 16.9
Mn 2.0 max 0.7 1.3 2.0
Fe Bal. 69.2 65.9 65.0
Ni 10-14 9.5 11.5 9.6
Mo 2-3 1.8 2.4 2.1

The first sample examined was the as-irradiated (but unstrained) binder jet sample. This
sample had numerous defects in the sample surface, which may have been porosity from the binder
jet printing process, or particles of material that were pulled out of the surface during polishing.
These defects are large, on the order of 50 to 100 microns, and are related to the sample fabrication,
rather than the irradiation. Anexample of the sample surface is given in Figure 102. No significant
difference between the irradiated side of the sample and the unirradiated side of the sample was
noticed.

The second sample examined was the as-irradiated LPBF sample (Figure 103). This
material appears to have less porosity than the binder jet material, although some finer pores are
present. These are on the scale of a few microns. Again, these are most likely due to porosity
from the LPBF process. There are also a substantial number of scratches visible on the sample

surface, oriented along the tensile axis of the specimen. For the strained samples, it is expected
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that cracks would initiate perpendicular to the tensile direction and these scratches, so they should
not significantly hamper the identification of cracks in the strained samples. No significant
difference between the irradiated side of the sample and the unirradiated side of the sample was
noticed.

The third sample evaluated was the irradiated binder jet sample strained to 4% in argon.
This strain caused profuse cracking of the sample (Figure 104). This cracking was not limited to
the center of the gauge region where the irradiation occurred, and was also present in quantity on
the unirradiated side of the sample. This cracking was occasionally associated with defects, but as
many more cracks appear away from defects, these do not seem to be the cause of the cracking.
Some evidence of slip-step like features was observed.

The LPBF sample strained to 4% in argon had a few small cracks, and slip bands could
clearly be observed (Figure 105). These features were present on both the irradiated and

unirradiated side of the sample.
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SEM HV: 30.0 kV WD: 11.03 mm I | I LYRA3 TESCAN

View field: 400 pm Det: SE Westinghouse

Figure 102. Example of image of surface of as-irradiated binder jet tensile sample
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Figure 103. Example image of surface of as-irradiated LPBF tensile sample
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Figure 104. Example image of surface of irradiated binder jet CERT sample after 4% strain in argon. The

strain direction was horizontal in this image.
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Figure 105. Example image of surface of LPBF sample strained to 4% in argon, with slip steps and cracks

visible. The strain direction was horizontal in this image.
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The irradiated wrought specimen strained to 4% in argon (Figure 106) had slip steps
covering the majority of the specimen surface. Very few cracks were identified on this sample,
though cracking was present on both the irradiated and unirradiated side of the specimen.

The irradiated binder jet sample strained to 4% in simulated PWR water is shown in Figure
107. Extensive cracking was present on both the irradiated and unirradiated side of the sample.
The sample has hydrothermal deposits decorating the surface, however these appeared to be patchy
rather than uniform. This prompted EDS mapping of an area of this sample (Figure 108 and Figure
109). This EDS mapping identified a network of regions of elemental segregation which were
enriched in chromium, molybdenum, and to some extent, manganese, but depleted in nickel. This
is again likely a result of the binder jet printing process, which relies on a sintering step to achieve
full density. The network of regions of elemental segregation were likely former boundaries
between individual particles. The initiation or growth of some of the cracks does appear to be
associated with this compositional segregation, with some cracks bridging the chromium and
molybdenum rich regions, and some cracks seeming to follow them. However, there are also many
cracks which do not appear associated with this feature. Such elemental segregation at this scale
was not in evidence in the wrought or LBPF samples.

The irradiated LPBF sample (Figure 110) had more uniform and dense hydrothermal
deposits on the surface, and some amount of cracking. Cracking was observed both as larger (25
to 50 micron) sized cracks, and also some amount of fine scale cracking. This type of cracking
was observed both close to the larger cracks (Figure 111) and isolated from larger cracks (Figure

112). These features were present on both the irradiated and unirradiated side of the sample.
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Figure 106. Example image of surface of wrought sample strained to 4% in argon, with slip steps visible.

The strain direction was horizontal in this image.
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Figure 107. Example image of surface of binder jet sample strained to 4% in simulated PWR water, with
hydrothermal oxide deposits decorating the surface and cracking observed. Strain direction was left to right in this

image.
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Figure 108. SEM image for EDS map of irradiated binder jet sample strained to 4% in simulated PWR water.

This image was taken in backscatter mode.
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Figure 109. EDS maps of irradiated binder jet sample strained to 4% in simulated PWR water.

The irradiated wrought sample (Figure 113) showed largely uniform hydrothermal
deposits, and some amount of cracking. These features were present on both the irradiated and

unirradiated side of the sample.
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Figure 110. Example image of surface of LPBF sample strained to 4% in simulated PWR water. The red

box indicates area of higher magnification shown in Figure 111. Strain direction was left to right in this image.
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View field: 24.1 pm Det: SE
Irr. LPBF 4% Strain PWR -Ar...  Date(m/d/y): 11/18/21 Westinghouse

Figure 111. Enlarged image of region indicated in Figure 110 on the surface of LPBF sample strained to 4%

in simulated PWR water, showing fine scale cracking emanating from crack tip of larger crack. Strain direction was

left to right in this image.
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Figure 112. Example image of surface of LPBF sample strained to 4% in simulated PWR water showing

isolated fine cracking. This region was far way from any larger cracks such as that visible in Figure 110. Strain

direction was left to right in this image.
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Figure 113. Example image of surface of wrought sample strained to 4% in simulated PWR water. Strain

direction was left to right in this image.
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In total, the evaluation of cracking constituted evaluating over 1300 images of the sample
surfaces. This data was tabulated, and used to calculate a metric — microns of crack length per
square millimeter of area — that has been utilized in previous evaluations of crack initiation
behavior (Reference 58). This allows a normalized comparison of the samples across the various

test conditions. The cracking metric was plotted for each specimen condition, as shown in Figure

114.
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Figure 114. Results of quantitative sample cracking evaluation as a function of environment during straining

and material type.
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7.4 Discussion

All of the samples strained to 4% exhibited some amount of cracking, with the wrought
material having the least cracking, the binder jet material having the most cracking, and the LPBF
material similar to the wrought material results. The fact that CERT is a mechanically severe
process is attested by the fact that unirradiated wrought material strained in argon and PWR water
exhibited cracking. This test forces cracking to initiate through a severe stress state, which while
not prototypic, is appropriate for a comparative screening test such as this.

By examining the crack initiation data (Figure 115), some trends can be observed. For
example, in all cases, the addition of irradiation enhanced cracking relative to the comparable
unirradiated condition. The influence of the PWR environment also clearly increased the
propensity for crack formation in the binder jet and wrought materials. This trend of
environmentally-enhanced cracking was also expected to extend to the LPBF material; it is
believed fewer cracks were observed in the LPBF material strained in PWR water due to prolific
hydrothermal deposits, which obscured much of the surface (Figure 116).

It is also clear that the binder jet material is highly susceptible to cracking, an order of
magnitude more so than the other material. This appears to be related to the presence of defects (
likely porosity) from the fabrication process, and substantial alloying element segregation. These

fabrication defects are likely also responsible for the low yield strength of the binder jet material.
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Figure 115. Trends in quantitative cracking evaluation results
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Figure 116. Oxide partially obscuring cracks on LPBF sample strained in PWR water
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8.0  Summary and Conclusions

The hypothesis of this thesis is “The extent of environmental assistance in causing
cracking in irradiated austenitic stainless steel in light water reactor environments varies
depending on the extent of irradiation damage to the material, the alkali ions in the water,
and the stress applied to it.” The experiments described in Sections 4.0, 5.0, 6.0, and 7.0 were
intended to investigate this hypothesis.

Section 4.0 investigated IASCC behavior through failure analysis of PWR power plant
baffle-former bolts. While not a highly controlled experiment, careful analysis of the available
data shows a clear trend of decreasing environmental influence on the fracture process with
increasing levels of stress, which supports the hypothesis related to applied stress.

Section 5.0 investigated IASCC CGRs in well-controlled experiments where radiation
dose, applied stress, and water chemistry could be controlled as variables. The specific objective
was to determine if there was any difference in IASCC CGRs between the LiOH and KOH water
chemistry, and none was observed for the conditions tested. The difference in behavior between
9 and 15 dpa specimens in this experiment was negligible. This is likely because at both radiation
damage levels, the mechanical property change (irradiation embrittlement) has either reached
saturation or is closely approaching it.

In Section 4.0, the observation of transgranular IASCC was considered significant, while
in 5.0 the lack of transgranular IASCC was considered significant. This is because in Section 4.0
it was shown that the stress state was driving the resulting crack morphology, while in Section 5.0
applied stress intensity factors were low and the susceptibility of the material studied (separate
from material examined in other sections) was seemingly uniquely susceptible to intergranular

fracture, showing the dominance of microstructural factors over the stress state.
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Section 6.0 investigated IASCC initiation behavior in miniature 4-point bend specimens
fabricated from baffle-former bolt materials. This is the first time such testing had been conducted
on neutron-irradiated Type 347 stainless steel, and represents the largest IASCC initiation data set
on this material. The performance of the Type 347 stainless steel appears comparable to the Type
304 and Type 316 stainless steel materials making up the majority of the available IASCC
initiation data. This testing did not cover lower fluences (less than 7 dpa) where IASCC
susceptibility onset occurs. Such testing could be conducted using the baffle-former bolt materials
now in the DOE’s material library.

The primary objective of this experiment was again to discern any difference in IASCC
behavior between the LiIOH and KOH water chemistry, and again none was observed for the
conditions tested. While stress, water chemistry, and irradiation dose were controlled as variables,
one of the potentially most valuable aspects of the experiment was the ability to determine
microstructural features associated with crack initiation. While previous studies have implicated
dislocation channels or manganese sulfide inclusions (Reference 58), this study showed that these
features are not necessary for IASCC initiation, and suggest that grain boundary oxidation is a
necessary precursor to IASCC initiation. The influence of radiation damage and applied stress on
crack initiation were also apparent in the crack initiation behavior, supporting the hypothesis of
this thesis document.

The results provided in Section 5.0 and 6.0 suggest that any difference in IASCC behavior
between KOH and LiOH PWR environments either does not exist, or would have to develop over
longer time scales. No prior data for IASCC CGR or initiation have been publicly published for
neutron-irradiated 300-series austenitic stainless steels in KOH PWR water at the time of this

writing. These results are contrary to the hypothesis as it relates to alkali ions, as no difference
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between the KOH and LiOH environments was observed. This is contrary to the author’s initial
thinking that LiOH additions would result in a more aggressive environment, as lithium is both
smaller (and so more mobile) and more reactive than potassium.

Section 7.0 departed from the previous sections in utilizing proton-irradiation, rather than
neutron irradiated materials, and focusing on additively manufactured steels rather than the legacy
materials of PWRs. This was to the author’s knowledge the first testing of this kind conducted on
binder jet additively manufactured material. While a different approach, the applicability to the
theme of this work is clear. The crack initiation data clearly show that irradiation and the PWR
water environment enhanced cracking, as well as the sensitivity of such cracking behavior to
defects in the material microstructure.

The experimental works described in this document together form a comprehensive
investigation of the hypothesis. The three primary variables to be investigated are stress, radiation
dose, and alkali ion environment, although microstructure was inevitably also investigated to some
extent. The studied range and effect of these three variables on IASCC phenomena as investigated
throughout the completed experiments as shown in Table 18. Based on these works, the hypothesis
given can be concluded to be partially correct. A revised form of the hypothesis is better supported
by this work, particularly by removing the implication that alkali ions may affect IASCC behavior.
Such an effect was not observed in the conducted experiments. The revised hypothesis statement
would then be, “The extent of environmental assistance in causing cracking in irradiated
austenitic stainless steel in light water reactor environments varies depending on the extent
of irradiation damage to the material and the stress applied to it.”

This revised hypothesis is well-supported by the completed experimental work.
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Table 18. Variables in IASCC Investigated in this Work

Experiment / Influence of Influence of Influence of
Variable Stress Stress on Radiation | Radiation dose on | Environmental | Environmental
Investigated IASCC Dose IASCC behavior Variables variable on
behavior IASCC behavior
Baffle-former bolt | ) pyigh High 1-27 Moderate LiOH N/A
failure analysis
14, 18 MPa . .
IASCC CGR vm High 9, 15dpa Low/none LiOH vs. KOH No effect
1A k . .
SCC C;rac 20-80% oy High 7—33dpa Moderate LiOH vs. KOH No effect
Initiation
Crack !nltlatlon PWR
testing of In excess of environment vs
additively . High 0, 5dpa High i ' High
yield inert
manufactured environment
316SS
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