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Abstract

The objective of this program is to evaluate the primary water stress corrosion cracking
(PWSCC) susceptibility of high chromium alloy 690 and its weld metals, establish quantitative
measurements of crack-growth rates and determine relationships among cracking susceptibility,
environmental conditions and metallurgical characteristics. Stress-corrosion, crack-growth rates
have been determined for 12 alloy 690 specimens, 11 alloy 152/52/52M weld metal specimens,
4 alloy 52M/182 overlay specimens and 2 alloy 52M/82 inlay specimens in simulated PWR
primary water environments. The alloy 690 test materials included three different heats of
extruded control-rod-drive mechanism (CRDM) tubing with variations in the initial material
condition and degree of cold work for one heat. Two cold-rolled (CR) alloy 690 plate heats were
also obtained and evaluated enabling comparisons to the CR CRDM materials. Weld metal,
overlay and inlay specimens were machined from industry mock ups to provide plant-
representative materials for testing. Specimens have been tested for one alloy 152 weld, two
alloy 52 welds and three alloy 52M welds. The overlay and inlay specimens were prepared to
propagate stress-corrosion cracks from the alloy 182 or 82 material into the more resistant alloy
52M. In all cases, crack extension was monitored in situ by direct current potential drop (DCPD)
with length resolution of about +1 um making it possible to measure extremely low growth rates
approaching 5x10"° mm/s. Most SCC tests were performed at 325-360°C with hydrogen
concentrations from 11-29 cc/kg; however, environmental conditions were modified during a few
experiments to evaluate the influence of temperature, water chemistry or electrochemical
potential on propagation rates. In addition, low-temperature (~50°C) cracking behavior was
examined for selected alloy 690 and weld metal specimens. Extensive characterizations have
been performed on material microstructures and stress-corrosion cracks by optical and electron
microscopy techniques and linked to crack-growth test results to help define material and
environmental parameters controlling SCC susceptibility.
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Foreword

Primary water stress corrosion cracking (PWSCC) is a significant issue that has affected nickel
base alloy pressurized-water reactor (PWR) components. Observation of PWSCC in the past
decade has challenged some assumptions of leak before break (LBB) analyses. These
analyses did not consider active degradation mechanisms such as PWSCC that may contribute
to potential sources of pipe rupture, and subsequently, a loss of coolant accident (LOCA). In
addition, operational experience has shown that PWSCC of reactor pressure vessel head
(RPVH) penetrations can lead to boric acid corrosion of low-alloy pressure vessel steels.

The U.S. Nuclear Regulatory Commission (NRC) mandated inspections are required for reactor
coolant system components constructed from PWSCC susceptible materials including alloy 600
and its weld metals, alloys 182 and 82. Proposed methods for PWSCC mitigation include the
use of components manufactured from alloy 690 and its weld metals, alloys 152 and 52. The
industry has also proposed PWSCC mitigation on alloy 600/182/82 materials using alloy 52
weld overlays, inlays, and onlays. Although the operational experience of these higher
chromium-containing alloys has been favorable, the effects of operating conditions and
metallurgical factors on PWSCC susceptibility are not fully understood. Ongoing industry-led
research has been conducted to evaluate variables that influence PWSCC resistance.
Confirmatory testing sponsored by the NRC has been conducted to verify improvement factors
and to support inspection intervals for alloy 690 components and alloy 152/52 welds.

This report documents work conducted by Pacific Northwest National Laboratory (PNNL) during
calendar years 2008 to 2010 under contract to the NRC. Stress-corrosion crack-growth rates
were measured on multiple materials including as received and cold worked alloy 690 plate and
control rod drive mechanism (CRDM) tubing. Specimens produced from industry mock ups
included alloy 152/52/52M welds, an alloy 52M/182 overlay, and an alloy 52M/82 inlay. Crack
growth rate tests were performed under conditions typical of an operating pressurized water
reactor (PWR). Test conditions were systematically varied to evaluate the influence of
temperature, water chemistry, stress intensity and electrochemical potential.

Thermally treated (TT) alloy 690 CRDM tubing heats and alloy 152/52/52M welds were resistant
to SCC. High levels of cold work during one-dimensional rolling were found to promote PWSCC
and much higher growth rates in alloy 690. Although the highly cold worked specimens were
not representative of components in operating reactors these results indicate the high-chromium
alloy 690 materials may not be immune to intergranular stress corrosion cracking. Additional
tests analyses are planned to understand the effects of fabrication and welding processes.

Michael J. Case, Director

Division of Engineering

Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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Executive Summary

Stress-corrosion cracking (SCC) of high-chromium, nickel-base alloys has been evaluated in
simulated pressurized water reactor (PWR) environments. This report focuses on material
characterizations and test results for alloy 690 and its weld metals (alloy 152, 52 and 52M)
conducted at PNNL from January 2009 to June 2010 for NRC project N6782. In addition,
selected results are also included from research performed in 2008 for NRC project 6007.
Stress-corrosion, crack-growth rates have been determined for 12 alloy 690 specimens, 11 alloy
152/52/52M weld metal specimens, 4 alloy 52M/182 overlay specimens and 2 alloy 52M/82
inlay specimens in simulated PWR primary water environments. The alloy 690 test materials
included three different heats of extruded control-rod-drive mechanism (CRDM) tubing with
variations in the initial material condition and degree of cold work for one heat. Two cold-rolled
(CR) alloy 690 plate heats were also obtained and evaluated enabling comparisons to the CR
CRDM materials. Weld metal, overlay and inlay specimens were machined from industry mock
ups to provide plant-representative materials for testing. Specimens have been tested for one
alloy 152 weld, two alloy 52 welds and three alloy 52M welds. The overlay and inlay specimens
were prepared to propagate stress-corrosion cracks from the alloy 182 or 82 material into the
more resistant alloy 52M. In all cases, crack extension was monitored in situ by direct current
potential drop (DCPD) with length resolution of about +1 ym making it possible to measure
extremely low growth rates approaching 5x10™'® mm/s. Most SCC tests were performed at 325-
360°C with hydrogen concentrations from 11-29 cc/kg, however environmental conditions were
modified during a few experiments to evaluate the influence of temperature, water chemistry or
electrochemical potential on propagation rates. In addition, low-temperature (~50°C) cracking
behavior was examined for selected alloy 690 and weld metal specimens.

Important results have been obtained for alloy 690 and its weld metals establishing SCC
response as a function of material and environmental parameters. As expected, the as-received
and plant representative, thermally treated (TT) alloy 690 CRDM tubing heats were resistant to
SCC. Steady propagation and intergranular (IG) cracking was observed under constant stress
intensity (K) conditions, but propagation rates were very low (£1x10° mm/s) and only isolated
regions of IGSCC were produced after long tests in PWR primary water. High levels of cold
work during one-dimensional rolling were found to promote IGSCC and much higher (~100X)
growth rates when specimens were tested so propagation occurs in the rolling plane (S-L
orientation). These results demonstrate that extruded alloy 690 tubing with an excellent
microstructure can become susceptible to IGSCC after unidirectional cold rolling similar to
behavior documented for alloy 690 plate materials. It is critical to note that the level and
orientation of cold work is not anticipated in light-water-reactor (LWR) service components,
however these results clearly demonstrate that the high-chromium alloy 690 materials are not
immune to SCC and reasons for enhanced susceptibility are not understood. To that end, the
alloy 690 microstructure has been modified through heat treatment, and detailed examinations
of cold-rolling damage and SCC cracks have been performed using high-resolution scanning
(SEM) and transmission electron microscopy (TEM) techniques. Cold rolling alloy 690 to high
reductions produced |G nanometer-scale voids and cracked precipitates particularly when a
high density of grain boundary carbides is present. The influence of this permanent damage on
IGSCC is unclear, but characterizations of crack tips do not show them playing a controlling role
in environment-assisted propagation. An unexpected observation has been the lack of a
continuous protective film on SCC crack walls, and instead penetrative internal oxidation into
the matrix is seen.
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This project has completed some of the first SCC crack-growth tests on alloy 152, 52 and 52M
weld metals in PWR primary water and helped establish a basis for their behavior. Similar to the
previous PNNL test results for the as-received alloy 690 materials, the high-chromium weld
metals have consistently shown a high resistance to SCC. Several different weld mockup types
have been tested including U-groove, V-groove, butt weld, and narrow gap welds. Unlike the
thermally treated alloy 690 base metal, a higher degree of IG engagement is typically seen, but
measured propagation rates have been <1x10® mm with most less than 2x10° mm at test
temperatures from 325 to 360°C. Despite the higher degree of engagement, transitioning to
SCC can be more challenging due to the interdendritic weld metal microstructure and large
grain sizes making IG engagement across the crack front difficult. Only a few weld metals have
exhibited significant propagation along grain boundaries during long-term tests suggesting a
good resistance to IGSCC. In an effort to improve 1G engagement, limited testing has also been
conducted at 50°C in PWR primary water. Hydrogen-induced 1G crack growth and higher growth
rates were promoted during cycling steps for an alloy 152 weld, but much smaller effects were
seen for alloy 52 welds. The environment-induced cracking at low temperature is believed to
occur during dynamic straining, and much more experimentation is needed to properly assess
this behavior. The influence of preexisting weld cracks on SCC response is also being
evaluated in alloy 52M with preliminary results showing no enhancement of crack growth.
However, complete characterizations of the crack path have not yet been completed. The final
SCC tests on weld metals have been on industry mockups for an alloy 52M/182 overlay and an
alloy 52M/82 inlay. For both, initial SCC propagation rates in the lower-chromium layer (alloy
182 or 82) were less than expected with only partial IG engagement. Although the growth
decreased significantly as the alloy 52M interface was reached, this was due to isolated IGSCC
fingers intersecting the interface. A simple assessment of chromium concentration on growth
rates through the interface region was not possible without a straight crack front. Additional SCC
data was generated for alloy 52M from the overlay and inlay welds with the highest weld metal
constant stress intensity (K) growth rate detected for the alloy 52M overlay material.
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1 Introduction

Primary water stress corrosion cracking (PWSCC) in nickel-base alloy primary pressure
boundary components is a degradation mechanism that can affect pressure boundary
components in pressurized water reactors (PWRs). PWSCC preferentially occurs in
components that operate at high temperatures and pressures. Fabrication and welding
processes and especially weld repairs leave residual stresses that promote cracking in
susceptible materials. The narrow cracks, which are often located in complex structures either
within or adjacent to welds, are difficult to detect and characterize during in service inspections.
PWSCC that goes undetected has led to reactor pressure boundary leaks and subsequent boric
acid corrosion of low alloy steels at Arkansas Nuclear One-1 in 2001 and Davis-Besse in 2002.
Extensive wastage of the Davis-Besse reactor head could have resulted in a loss of coolant
accident (LOCA) had reactor operation continued and the damage gone undetected.
Circumferential cracks discovered in the V.C. Summer reactor coolant system (RCS) piping
welds in 2000 and in pressurizer nozzle welds at Wolf Creek in 2006 have raised concerns that
PWSCC in PWR piping also could result in a LOCA.

Increasingly, industry has utilized alloy 690 and associated weld metals, alloy 52 and 152 in
both replacement components and in mitigation methods including weld onlays and overlays.
Alloy 690 has been used in steam generators since 1989 and more than 30 PWR replacement
heads using alloys 690/152/52 have been placed into service. The high chromium nickel-base
alloys have also been used in RCS piping, nozzles, and instrument penetrations. While the
service history has been favorable [Refs. 1-4], significant industry and international efforts are
underway to characterize the PWSCC susceptibility of alloys 690/152/52. Initial results have
been reported in document MRP-237. Although the issue of PWSCC susceptibility is being
addressed by industry, the U.S. Nuclear Regulatory Commission (NRC) has sought to obtain
PWSCC growth rates of these resistant alloys and assess mitigation methods to determine the
validity and acceptability of licensee flaw analyses, and to support regulatory inspection
requirements. In order to be successful, an improved understanding of the complex
interrelations between stresses in the affected components, material microstructure, and the
aggressive nature of the PWR environment is necessary.

In the prior testing program (JCN NG6007), three test systems were assembled. Initial testing
was conducted on 300-series stainless steels, alloy 600 and alloy 182 in BWR and PWR
simulated water chemistries. The effect of cold work, electrochemical potential, stress intensity
and temperature were examined, and the results obtained were in good agreement with
previously reported data. While limited tests were also conducted on alloy 690 and its weld
metals, testing of the higher chromium alloys was the focus of the follow-up project (JCN
N6782) at PNNL. At the beginning of this project, very few quantitative SCC growth rate
measurements had been reported on alloy 690 and even less on its weld metals. Additional
SCC propagation data was (and still is) needed to define improvement factors for these
materials when compared with alloy 600 and its weldments. One of the biggest challenges for
quantitative measurements has been the difficulty in promoting significant SCC in the high-
chromium material [Refs. 1-4], however modern test systems, proper transitioning and
considerable patience makes this possible for most alloys. Questions concerning the inherent
resistance of alloy 690 to PWSCC were raised after data on cold-worked alloy 690 plate heats
were released by Bettis [Ref. 5]. Extremely high propagation rates were observed for certain
heats when cold rolled or tensile strained, then SCC tested in the plane of deformation. This
data is summarized in Figure 1.1 and is compared to the SCC growth rate disposition curve for
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alloy 600. While the practical importance of these highly strained materials in PWR applications
is in question, clearly alloy 690 is not immune to PWSCC and systematic SCC testing is needed
to establish its behavior under a range of material and environmental conditions. As noted, very
limited testing had been performed on the weld metals used with alloy 690 including alloys 152,
52 and its many variants. The higher strains associated with the welds and the weld metal
complex microstructure provides more issues of concern. These higher chromium weld metals
are also more susceptible to segregation and weld cracking including solidification cracking and
ductility dip cracking. The role of weld defects on PWSCC susceptibility and crack growth rates
are not established and need to be better understood. Additional tests are planned to address
the effects of weld defects on PWSCC.

4 Alloy 690 CGR vs K
w 3 "
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Figure 1.1 Summary of SCC growth data reported by Bettis [Ref. 5] on cold-rolled or
tensile-strained alloy 690 plate heats. Testing was performed at
temperatures of 316, 338 and 360°C as listed in the legend with a dissolved
hydrogen content of 50 cc/kg H, to ensure electrochemical conditions were
within the Ni metal stable regime at 360°C. Similar results were obtained
during selected tests at the lower temperatures using a dissolved hydrogen
concentration of 23 cc/kg Ha.
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2 SCC Crack-Growth Test Systems and Testing Approach

The purposes of the crack-growth systems are to develop, control, and measure stress
corrosion cracks under well-defined material and environmental conditions, and ensure that the
SCC growth rate response is reproducible and characteristic of the test conditions. Features
expected in a good crack-growth system include active constant K load control, active
temperature control, a sensitive crack length measurement apparatus, a recirculating high-
temperature water system, control over all aspects of water chemistry, and continuous
monitoring of all pertinent test parameters. The options for PNNL in creating a crack growth
capability were for PNNL to design crack growth test systems, buy commercial systems, or copy
a system at another research institute. It was determined very early in the previous program
that the most advanced and reliable crack-growth systems in the world have been designed,
developed, and run by Peter Andresen at General Electric Global Research (GEG). His crack-
growth systems have been copied to various degrees by research institutes and commercial
companies throughout the world. The decision was made to work closely with Peter Andresen
and GEG staff on a crack growth system design. In the process of building the systems, some
design aspects were improved, and more up-to-date parts were chosen when advantageous.
GEG has incorporated some of these improvements and newer parts into their systems.

2.1 Overview of SCC Crack-Growth Test Systems

The key components of these systems are: (1) a servo-electric load control system capable of
holding constant load for very long periods of time, (2) a high-pressure piston pump to
pressurize and flow water through the high-temperature loop, (3) an autoclave, (4) a custom-
made water board for water chemistry control, (5) a reversing DCPD system for crack length
estimation, and (6) a continuous data acquisition system. Careful consideration went into the
selection of each piece of equipment to optimize either test system control or test environment.
Some of the most important optimizations were to: (1) make sure that all wetted components
release no contamination into the water, (2) have a high water flow rate through the autoclave,
(3) have uniform temperature through a large volume of the autoclave, (4) have consistent water
pressure, (5) have highly accurate measurements of test environment (temperature,
conductivity, pH, load, dissolved gas content), and (6) have a sensitive DCPD measurement
system. Each of the subsystems will be discussed in further detail below.

The water flow design of the system is a loop within a loop as shown in Figure 2.1. One loop is
at low pressure, and its purpose is to flow water through a water column where selected gases
and ionic impurities are dissolved or injected into the water. A side stream is taken off this low-
pressure loop and fed into a high-pressure piston pump. The large pressure pulses and flow
surges created by the piston pump are dampened by the use of pulsation dampers both at the
inlet and outlet of the pump. The high-pressure water flows into a regenerative heat exchanger
where hot water leaving the autoclave is used to heat the incoming water. Just prior to the water
entering the autoclave, the partially heated water is brought up to test temperature using a
preheater. After the water flows through the heated autoclave, it goes back through the
regenerative heat exchanger and then through a water cooler that brings the water back down
to room temperature. The cooled water then passes through a back-pressure regulator and
emerges at ~0.07 MPa (10 psi) of pressure. The water flows through a flow meter, a
conductivity sensor, a mixed resin bed demineralizer, and is finally dumped back into the low-
pressure chemistry control loop.
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Figure 2.1 General water flow diagram for PNNL SCC crack-growth test systems.

Boron (B) and lithium (Li) levels for PWR water testing are controlled by pre-saturating the
mixed resin bed demineralizer with boric acid and lithium hydroxide to specific levels that will
result in tailored near-constant B and Li content in the water. There is some drift in the Li level
in the water because it is singly ionized and is easily displaced from the demineralizer by more
highly positively ionized species coming off the autoclave such as chromate. The displaced Li is
removed by periodic partial replacement of water in the mixing loop with water having little or no
Li (and some B). Boron and Li levels in the mixing loop are determined from measurements of
water conductivity, pH, and temperature using pHSC4 software (obtained from Rick Eaker of
Duke Power). Autoclave flow rate is held to at least 125 cc/min (approximately two autoclave
exchanges per hour) to provide a consistent chemistry environment within the autoclave.



Load is applied to a sample using a servo-electric motor attached to the test frame. The servo-
electric motor is controlled using proprietary software from GEG. The servo-electric motor can
provide a smooth cyclic loading sine wave up to about 3 Hz, allowing in-situ pre-cracking of a
test sample. Using DCPD data, the GEG software can continuously adjust the servo-electric
motor to provide constant K loading conditions. As shown in Figure 2.2, the load from the
servo-electric motor is transmitted into the autoclave with a pullrod, and the sample is braced
from above by a top plate and 4-bar linkage that transmits load to the baseplate of the autoclave
which is bolted to the test frame.

Crack length is estimated using a reversing DCPD system developed by Peter Andresen of
GEG. A sketch of the system is shown in Figure 2.3. As with all DC potential drop measurement
systems, a constant current is run though the sample, and the voltage across the crack plane is
measured and converted into a crack length by means of an empirically derived formula relating

Figure 2.2  Typical crack-growth-rate test frame loading system used at PNNL.
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Figure 2.3  Schematic diagram illustrating the DCPD system to measure crack length in
situ.

voltage to crack length. A referenced DCPD resistivity is monitored directly on the test specimen
using a “back face” potential method developed at GEG. Using a solid-state polarity-reversing
switch built into the current path, potential drop is measured in both a forward and reverse
current flow condition. By measuring in both directions, the system eliminates contact voltages
from the measurement.

The GEG software also controls the operation of the DCPD system and aggregates the data.
Platinum wire is used for current and voltage feeds into the autoclave. For PWR water testing,
segmented transformation toughened zirconia (TTZ) tubing is used to help prevent shorting of
the Pt wires against other wires or any metal surfaces in the autoclave. Some crosstalk in the
voltage wires occurs and is minimized by keeping the wires separated as far as reasonably
possible from each other. In addition, the current wires are kept away from the voltage
measurement wires. The sample is electrically insulated from the load train through a
combination of ceramic spacers and sleeves. Spot welding is used to attach the platinum wires
to a specimen. The spot weld locations are marked on the sample prior to inserting the sample
into the load train.



The PNNL systems have the capability to monitor autoclave water outlet conductivity, mixing
loop water conductivity, autoclave temperature, autoclave water flow rate, sample corrosion
potential (via a ZrO; insulated Cu/Cu,O reference electrode in the autoclave), dissolved oxygen,
water pressure, DCPD current, and DCPD voltage. With the exception of water pressure and
flow rate, these parameters are recorded in the test data file. Statistical information on
temperature and current fluctuations are also recorded. Additionally, messages describing
changes in test conditions and other issues are a permanent part of the data record.

2.2 General SCC Crack-Growth Testing Approach and Issues

Although systems have been designed for both 1T and 0.5T CT specimens, the primary
specimen geometry used in this project is the 0.5T CT with side grooves. The details of the
specimen geometry are shown in Figure 2.4. Prior to loading a specimen in the autoclave, the
sample thickness, notch depth, ap, and W values are all measured and recorded into the data
record for the test. Using the sample dimensions and the strength of the specimen at the test
temperature, in accordance with American Society for Testing and Materials (ASTM) E-1681, an
upper limit on Kgac value is calculated using the formula:

KEACmaX =Oys \/D/l 27 (21)

where oy is the yield strength at the test temperature, and D is the smaller of the specimen
thickness, the remaining uncracked specimen width and the crack length. In the case of
materials with large amounts of work hardening (defined as ouyrs/oys > 1.3) such as annealed
300-series stainless steels and nickel-base alloys, the average of the yield and ultimate stress is
used in place of the yield stress as per ASTM guidelines.

After the sample dimensions are measured and spot-weld locations are marked on the sample,
it is cleaned and inserted into a test system. Pre-cracking of a sample is done in situ at the test
temperature when a single specimen is being tested. Initial pre-cracking of two or more
specimens mounted in-series is not possible in situ because the length of time needed to
nucleate a pre-crack is not consistent, so precracking two specimens in series would likely lead
to specimens with different precrack lengths. The differing precrack lengths would make it
impossible to maintain and control the K level in both specimens during and after pre-cracking.
Thus, the approach for testing at PNNL is to nucleate a crack individually on each of the two
specimens under fatigue in air’, followed by continued precracking of the two samples loaded
together in situ. Crack transitioning steps are carefully selected to grow the pre-crack in high-
temperature water using the following stages: (1) fatigue, (2) corrosion fatigue and (3) SCC.
Typically, this means producing initial precracks of ~1 mm in air followed by an additional ~1
mm by cycling in situ before transitioning to slow cyclic loading plus hold times to promote SCC.
An Instron servohydraulic test frame is used to precrack CT specimens in air, and the same
DCPD electronics and system control software used for the crack-growth systems is also used
for the Instron test frame.

? Practically speaking, CT samples slated for testing in series could be individually precracked in situ.
However, this would result in a significant increase in system set-up requirements, sample modifications,
test time and expense. The initial precracking in air is now done without impacting the current operation
of the available PNNL SCC test systems. This precracking is done under well-controlled conditions, and
care is taken to make sure that samples, grips and other components are cleaned before testing.
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Figure 2.4  Schematic drawing of a 0.5T CT specimen. Oversized loading holes
(~9.5 mm diameter) are used to accommodate ceramic inserts that provide
electrical isolation between the CT specimen and clevises. Dimensions for
1TCT specimens are approximately double.

The first step in pre-cracking is to cycle the sample at a relatively high frequency (1-20 Hz) with
a large load ratio and Knax less than the K level chosen for constant K. As the crack begins to
grow from the notch, the load ratio and frequency are reduced while the K. o« value is increased.
By pre-cracking in this way, each pre-crack segment can grow beyond the plastic zone created
by the previous segment. For all samples, cyclic loading steps at frequencies of 0.1 Hz down to
0.001 Hz are performed in high-temperature water. The final phase involves crack transitioning
by very slow cycling with a hold time ranging from 1 h to 24 h. This grows the crack beyond the
pre-cracking plastic zone and allows the crack to transition from transgranular (TG) fatigue to
the crack growth mechanism that occurs for that material under constant K conditions.

For materials such as cold-worked (CW) 316SS that crack readily in LWR environments,
obtaining a steady crack growth rate after transitioning to constant K can easily be
accomplished by following a standard procedure. However, determining a constant K crack
growth rate in highly SCC-resistant materials such as alloy 690 and its welds is more
challenging with the main focus on giving the crack adequate opportunity to become an
engaged |G crack. For these materials, the use of alternate cyclic and cycle + hold loading
conditions, including various load ratio (R) values and modified rise/fall times, are often
employed prior to reaching constant K. Tests conducted at PNNL have shown that an R of 0.5
usually produces the best engagement response, and in base metal materials, efforts are made
to run the specimen under slow continuous cycling for several grain dimensions prior to the
onset of cycle + hold loading. The much larger grain dimensions and more irregular shape of



the grain boundaries in weld metals makes transitioning to an engaged crack front even more
challenging. If extremely slow or inconsistent crack growth rates are observed, cyclic loading is
typically restarted to move the crack forward (ten microns to several hundred microns) and then
retransition to constant K. This retransitioning procedure may be performed several times. The
constant K SCC response is judged on the response of the material to these multiple
observations at constant K. Observation of the propagation rate under selected cyclic loading
and hold time conditions is also used to judge the crack growth resistance of the material.

The ideal increment of crack length over which to measure a steady crack growth rate would be
several grain diameters. However in alloy 690 and its weld metals, this is often an extremely
impractical goal that could take more than two years to achieve and so it is necessary to choose
an increment based on factors related accuracy and resolution in the DCPD crack length data
trend. The most easily quantifiable factor is noise or scatter in the DCPD crack length data.
Each PNNL crack growth system has slightly different noise levels. The best system at PNNL
has a noise level of 1.0 uym peak-to-peak while the “worst” system has ~3 ym peak-to-peak
noise. Noise creates uncertainty in the measurement. Uncertainty is greatest when only a few
measurements are performed, but as the number of measurements is increased, an average
value can be resolved along with statistics on the goodness of fit. This is equivalent to fitting a
trend line through the data. As long as the noise remains random (e.g., the residuals in the
curve fit remain random), trends in the data down to the noise level can be resolved. Other
factors contributing to the uncertainty in trends in the data are related to environment, crack
morphology effects, and resistivity drift of the material. Environmental parameters such as
water temperature, water conductivity, and dissolved hydrogen have been found to affect crack
length, and it is important to limit deviations in these parameters. All environmental parameters
on PNNL crack growth systems that can lead to phantom changes in crack length are monitored
and tightly controlled. The factor affecting crack length accuracy and resolution that is most
difficult to control is crack morphology. DCPD is founded on the notion that there is no electrical
current conduction behind the crack front. In stress corrosion crack-growth testing (especially in
PWSCC testing), it has been found that there is almost always some feature in the crack
morphology that allows current conduction behind the crack front. The most easily identifiable
feature is an uncracked ligament in the wake of a crack as shown in Figure 2.5. Electric current
bridging across very closely spaced crack walls is also thought to contribute to conduction
behind the crack front. These features cause underprediction of DCPD-measured crack length
and reduce the sensitivity of the DCPD system to detecting movement of the crack front. Crack
ligaments can also cause large steps in crack extension when they break. Uneven growth along
the crack front also causes crack length underprediction and reduced sensitivity in the same
way as ligaments behind the crack front. It is important to recognize that all these morphology
effects do not cause falsely high crack growth rates, but instead lead to underprediction of crack
extension. The only phenomenon that leads to a falsely high crack growth rate is resistivity
change that occurs in Ni-base alloys such as alloy 600 and alloy 690. It is a well-known
phenomenon that the resistivity of these alloys will slowly increase with time when testing at
PWSCC temperatures. Without compensation, resistivity drift will give the appearance of a
slowly increasing crack length. It is typical to compensate for resistivity drift by monitoring the
resistivity of a piece of unstressed reference coupon placed in the autoclave environment. The
resistivity change of the test specimen is normalized to the resistivity of the reference coupon.
Looking at all these factors in aggregate, the test systems at PNNL are designed with a
sufficiently high data acquisition rate to allow trends in crack extension to be detected down to
the noise level of the DCPD system as long as test conditions are tightly controlled and
resistivity drift is properly factored into the crack length measurement.
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Figure 2.5  Example of large uncracked ligament detected in the wake of a crack.

Effects of current conduction behind the crack front and uneven crack extension will produce
crack growth rates that are lower than what are actually occurring, so any crack growth rate that
is detectable by DCPD is expected to be an underprediction of the actual rate. There has yet to
be a test where crack growth rate has been overpredicted.

2.3 Specific SCC Crack-Growth Testing Approach

Unless noted otherwise, experiments were conducted in simulated PWR primary water with
2000 ppm B and 2 ppm Li. A prototypic simulated PWR primary water environment is
considered to be 325°C with 29 cc/kg H,. Tests conducted early in the program were often
done at this temperature and hydrogen concentration, however as the program progressed, the
desire to better understand the crack growth response of alloy 690 and its welds eventually led
to testing at 350°C, and then later at 360°C. Testing now is typically conducted at 360°C.
Dissolved hydrogen concentration also evolved over the course of the program with most
testing now done at DH concentrations that place the corrosion potential of the material on the
Ni/NiO line where crack growth response is known to be greatest in alloy 600 and its weld
metals [Ref. 6]. Limited testing was also performed at 50°C under primary water conditions.
The stress intensity (K) was controlled to a value of 30 MPaVm under most conditions, however
high K values were often evaluated up to ~40 MPavm later in an SCC CGR test. For most
experiments, a zirconia membrane reference electrode was utilized to allow corrosion potential
measurement of the specimen and a Pt coupon during testing. Crack growth tests were
performed with two specimens in series allowing a greater range of material conditions to be
examined in a shorter period of time.

Specimens were first precracked in air and followed by further crack extension using aggressive
cycling in high temperature water. A variety of loading conditions were used to attempt to
transition from the TG precrack to an IGSCC crack front. Loading conditions included R values
ranging from 0.5 to 0.9, the addition of hold times up to 24 h, and various “periodic unload”
schemes with a symmetric or a sawtooth wave form (e.g., rapid unload followed by a slow



reload). Based on the current work and tests on alloy 690, a final cycling step at 0.001 Hz with
R = 0.5-0.7 was often used and followed by the addition of hold times before determining crack
growth rates at constant K.

The response of the material during transitioning was assessed continuously by comparing
current propagation rates to results from earlier tests. As the database of observed crack
growth rates and accompanying crack surface morphologies from previous tests grew, higher
crack growth rates during transitioning (particularly during cycle + hold loading) could be
identified. If a crack growth rate during transitioning was indicative of a non-engaged crack front,
then the crack would often be retransitioned in an attempt to improve SCC engagement. For
these SCC resistant alloys, several transitioning attempts were typically made before
documenting constant K, CGR response.

The general philosophy for assessing CGRs of alloy 690 and its weld metals is to first obtain
baseline SCC behavior with the material in the expected plant thermomechanical treatment and
then follow with tests on material in off-normal conditions. Testing begins in either simulated
PWR primary water or in an aggressive PWR primary water environment (elevated temperature,
testing at the Ni/NiO line). In some tests, these conditions would eventually be followed by
systematic variations in environmental conditions to assess the effects of parameters such as
temperature, stress intensity, and corrosion potential on the crack growth rate of these
materials.

Alloy 690 thermomechanical conditions that have been examined thus far include solution
annealing, cold rolling and a combination of these treatments to alter alloy microstructure and
mechanical properties. In cold-rolled materials, specimens were cut in either the T-L or S-L
orientation. All weld metals were tested in the as-welded condition with the crack plane aligned
along the dendrite growth direction (often referred to as the T-S orientation in weldments).
Environmental conditions have included test temperatures from 290 to 360°C, variable
hydrogen content in simulated PWR primary water and the additional of oxygen and minor
impurities such as sulfate. With only three NRC test systems and test times ranging from 6 to
12 months, it has been difficult to study a wide range of heats and material conditions. However
by testing two samples in series and obtaining access to a fourth SCC test system for almost
two years, PNNL has been able to conduct crack-growth tests on seventeen alloy 152/52/52M
weld samples and 10 alloy 690 samples as part of this project.



3 SCC Crack-Growth Testing on Alloy
152, 52 and 52M Weld Metals

3.1 Overview of Weld Mockups and SCC Tests

Various alloy 152, 52 and 52M weld mockups have been obtained for SCC testing as part of this
project. All of these materials were supplied by industry sources and were selected to represent
industry practices of direct relevance to PWR service. In most cases, these mockups were
produced specifically to qualify a welding approach to be used for plant replacement or repair.
Alloy 152 and 52 U-groove welds produced by Mitsubishi Heavy Industries (MHI) were obtained
from EPRI and were mockups for the pressure vessel head replacement at the Kewanee plant.
In addition, an alloy 52 butt weld was obtained from AREVA NP that was produced as part of a
testing program. Alloy 52M and 152M welds were obtained from George Young at KAPL and
supplied as part of an international cooperative program on alloy 690 led by EPRI and the NRC.
Finally, alloy 52M/182 overlay and alloy 52M/82 inlay weld mockups produced by Ringhals-
Vatenfall were obtained with the help of Pal Efsing. A brief description of the welds, their heat
numbers, and compositions are listed in Table 3-1. Weld fabrication method differed for each of
the weldments and available information will be provided in the following sections.

Table 3.1 Alloy 152, 152M, 52 and 52M weldments at PNNL.

Alloy 152, 52 or 52M
Material - Source Heat Number and Description Weld Metal Composition, wt%
Ni-28.7Cr-9.1Fe-0.03C-3.6Mn-0.33Si-
0.15A1-0.12Ti-0.003S
(independent analysis)
Ni-29.1Cr-10.0Fe-0.024C-0.25Mn-
0.13Si-0.71Al-0.52Ti-0.01N;
(standard comp.)
Ni-29.1Cr-10.0Fe-0.024C-0.25Mn-
NX3926JK, Mockup butt weld, alloy 0.13Si-0.71A1-0.52Ti-0.01N,
690 plate
(standard comp.)

Alloy 52M — KAPL Heat NX5285TK, High constraint, Ni-30.0Cr-7.9Fe-0.014C-0.75Mn-

0.13Si-0.11AI-0.21Ti-0.81Nb+Ta
narrow groove weld, alloy 690 plate (mill test report)

Heat 307380, U-groove mock-up
Alloy 152 — MHI weld for Kewanee, 304SS plate

NX2686JK, U-groove MHI mock-up

Alloy 52 — MHI weld for Kewanee, 304SS plate

Alloy 52 — AREVA NP

Heat NX5285TK, V-groove Ni-30.0Cr-7.9Fe-0.014C-0.75Mn-
Alloy 52M — KAPL dissimilar metal weld, carbon steel 0.13Si-0.11Al-0.21Ti-0.81Nb+Ta
and 316SS plate (mill test report)
Heat NX5285TK, Narrow groove Ni-30.0Cr-7.9Fe-0.014C-0.75Mn-
Alloy 52M - KAPL weld with modified weld conditions 0.13Si-0.11AI-0.21Ti-0.81Nb+Ta
to create hot cracks (mill test report)
Heat WC83F8, V-groove dissimilar Ni-30.2Cr-8.7Fe-<0.005C-3.0Mn-
Alloy 152M - KAPL metal (carbon steel, 316 SS) weld 0.228Si-<0.01AI-0.03Ti-1.176Nb-
with known hot cracks 0.002S-0.03V (mill test report)
Mockup alloy 52M overlay on alloy Ni-30.0Cr-8.4Fe-0.020C-0.81Mn-
Alloy 520182 IOverIay 690 plate with alloy 182 overlay 0.03Si-0.10A1-0.21Ti-0.85Nb+Ta
- Ringhais (heat numbers not available) (mill test report)
Mockup alloy 52M inlay on alloy 82
Alloy gZMISZ Inlay - pweldyand A533ypipe ’ not available
inghals

(heat numbers not available)
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Seventeen SCC crack-growth tests on alloy 152/52/52M weldments were completed. Table 3.2
summarizes the various welds, specimen numbers and general test conditions for each of the
weld metal tests. SCC results for these crack-growth tests will be described in detail along with

characterizations of the welds.

Table 3.2  Summary of completed alloy 152, 52 and 52M SCC tests.
Completion
Sample and Test Material Test Description Date
CTO013, 1/2T CT, NRC PWR Primary Water, alloy
System #1 Alloy 152 - MHI 152 data 4/07
CT017, 1/2T CT, PWR Primary Water,
NRC System #1 Alloy 152 — MHI, as welded Temp effects, aII)(l)y 152 data 6/08
CT018, 1/2T CT, Alloy 152 — MHI, stress PWR Primary Water, 6/08
NRC System #1 relieved Temp effects, alloy 152 data
CT024, 1/2T CT, Alloy 52 — AREVA, as PWR Primary Water, two 1/09
NRC System #2 welded alloy 52 weld metals
CT025, 1/2T CT, PWR Primary Water, two
NRC System #2 Alloy 52 — MHI, as welded alloy 52 wgld metals 1/09
CT028, 1/2T CT, Alloy 52M on Alloy 182 PWR Primary Water, alloy 4/09
NRC System #3 overlay — Ringhals 182 into 52M, alloy 52M
CT029, 1/2T CT, Alloy 52M on Alloy 182 PWR Primary Water, alloy 4/09
NRC System #3 overlay — Ringhals 182 into 52M, alloy 52M
CTO030, 1/2T CT, Alloy 52M on Alloy 82 PWR Primary Water, alloy 10/09
NRC System #1 inlay - Ringhals 82 into 52M, alloy 52M
CT031, 1/2T CT, Alloy 52M on Alloy 82 PWR Primary Water, alloy 10/09
NRC System #1 inlay - Ringhals 82 into 52M, alloy 52M
CT032, 1/2T CT, Alloy 52 — AREVA as PWR Primary Water, low 10/09
NRC System #2 welded temp on high temp CGR
CTO033, 1/2T CT, PWR Primary Water, low 10/09
NRC System #2 Alloy 52 — MHI as welded temp on higgtemp CGR
CT034, 1/2T CT, Alloy 52M on Alloy 182 PWR Primary Water, alloy 10/09
PNNL System #1 overlay — Ringhals 182 into 52M, alloy 52M
CTO035, 1/2T CT, Alloy 52M on Alloy 182 PWR Primary Water, alloy 2/10
PNNL System #1 overlay — Ringhals 182 into 52M, alloy 52M
CT040, 1/2T CT, Alloy 52M narrow gap weld PWR Primary water, alloy 7/10
NRC System #2 - KAPL 52M data
CTO041, 1/2T CT, Alloy 52M V-groove weld - PWR Primary water, alloy 7/10
NRC System #2 KAPL 52M data
CT042, 1/2T CT, Alloy 52M narrow gap weld | - by primary Water, weld
NRC System #1 with a“gnﬁigﬁt cracks - defects/cracks on SCC 710
CT043, 1/2T CT, Alloy 52M KAPL narrow PWR Primary Water, weld
NRC System #1 gap weld with non-aligned defects/cracks on SCC 710
hot cracks - KAPL
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3.2 MHI Alloy 152 Weld

Initial weld metal SCC testing started with the alloy 152 mockup weld obtained from EPRI. This
mockup weld was produced for the Kewaunee reactor pressure vessel head replacement by
MHI. It was made using 6.1 mm (2.4 in.) thick plates of 304SS butted together with a U-groove
as shown in Figure 3.1. Alloy 152 (heat 307380) butter passes were applied to each half of the
U-groove, the ends of buttering were machined flat, and then the plates were welded together
with alloy 152 (heat 307380). Both the buttering and the filler were applied by shielded metal
arc welding (SMAW). Welding parameters for the alloy 152 SMAW filler material consisted of a
deposition speed of 4-25 cm/min and a current of 95-145 A.

A portion of the weldment was sectioned at PNNL into 1.9 cm (0.75-in.) thick blocks (Figure 3.2)
and metallographically prepared to reveal the individual weld passes and the butter zone as
shown, for example, in Figure 3.1. Sections C, D, and E indicated in Figure 3.2 were selected
for fabricating CT samples. After polishing, these blanks were marked for machining so as to
locate the end of the pre-crack in a single weld pass and enable >1 mm of growth in that weld
pass. A close examination was made to select a weld pass where the dendrites would be as
parallel as possible to the pre-crack. The machined notch from section C is shown in
Figure 3.3. Crack growth testing was performed in the weld pass below the pass where the
machined notch is located. The precrack will be located in the same weld pass for sections C
and D, but the slight wandering of the welds along the length of the mockup meant that it was
necessary to use a different weld pass for crack growth testing (moving one up) of section E.

crack
extending
into 152 weld

Figure 3.1 Optical image of alloy 152 weld mockup showing U-groove weld in cross-
section.



Figure 3.2  Sectioning diagram for the alloy 152 welded block. End sections X and G
are 1.3 cm thick and are used for metallographic observations while sections
A-F are 1.9 cm thick and are to be used for CT samples. There is ~7.6 cm
of welded block in front of section “X”.

Figure 3.3  Optical micrograph of section C showing the location of the machined notch.
This same weld pass was selected in section D, while the one just above
and to the left was selected in section E.

SEM examinations were carried out in section X and revealed a standard dendritic structure
with some long dendrites interspersed with smaller ones at the junctions of the weld passes.
The boundaries between dendrites were often wavy. Examples of these are seen in Figures 3.4
and 3.5. Based on SEM examination of the microstructure of the alloy 152 weld, the weld is
composed of a mixture of a cellular and columnar dendritic structure with heavy precipitation in
both the interiors of the dendrites and the dendritic boundaries. The backscatter electron (BSE)
images of the dendrites in Figures 3.4 and 3.5 reveal a mottled contrast that is presumed to
arise due to strain in the matrix. Carbides scattered throughout the dendrites show up as dark
particles in BSE images, whereas in the secondary electron (SE) images, the particles typically
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Figure 3.4  SEM micrographs of the alloy 152 weld showing long dendrites (left) and
much smaller, equiaxed dendrites (right). The latter are generally present at
the intersection of two weld passes but some of the long dendrites pass
through that region uninterrupted.

show up as bright particles because they are sticking out from the specimen surface. Some of
the dendritic boundaries etched differently than the surrounding matrix, possibly due to either
compositional changes or from precipitation on the boundaries. Additionally, EDS composition
maps were made to elucidate compositional inhomogeneities in the structure and identify the
major second-phase particles. As seen in Figure 3.6, there is a slight amount of coring
indicated in the Mn map. Coring profiles in the Fe map (not shown) were complementary to the
Mn map. The primary particles identified were rich in Nb (likely NbC) and Ti-Al-rich particles
(likely a Ti-Al-O).

Two more slices (~0.6 cm in thickness) were made from the weld, one being cut up for
compositional analysis and the other cut for TEM sample preparation. In both cases, the cutting
centered on the same weld pass as for samples C and D. Transmission electron microscopy
revealed that many of the dendritic boundaries contain a widely varying distribution of metal
carbides. In Figure 3.7, a single large chromium carbide was found along with numerous small
Nb carbides in very close proximity. As shown in Figure 3.8, both Cr- and Nb-rich carbides
have precipitated along the dendritic boundaries. In some cases, Ti was found to coincide with
the Nb.

Samples were also cut from the edge of the alloy 152 weld in the “transition region” from the
304SS to the buttering to the main weld. Optical examination of one of the samples that was
etched revealed an altered microstructure in the 304SS. A narrow region appears to have been
melted and a dilution zone was created between the Fe-base 304SS and the butter passes to
the Ni-base alloy 152 material. No apparent difference in defects was noted compared to the
main weld. Crack-growth samples have been machined to permit evaluation of SCC
susceptibility in this transition zone. Future tests are planned on these materials.
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Figure 3.5  Scanning electron microscope images are shown from the alloy 152 weld
metal. The image in (a) was taken using backscattered electrons, (b) and
(c) were taken in secondary electron imaging mode.
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Figure 3.6 SEM secondary-electron Image is shown along with composition maps for
Mn, Nb and Al. The Mn map indicates a slight degree of coring and the
other two maps show the locations of the large NbC and the Ti-Al particles in

the microstructure.

Figure 3.7  An example of a dendritic grain boundary that shows a single large Cr-
carbide, with numerous smaller Nb carbides along the boundary. In this
case, Ti was not found associated with the Nb carbides.
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Figure 3.8
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Compositional maps taken in STEM mode revealed that both Cr- and Nb-
rich carbides are present on the boundary between two dendrites. The
bottom image reveals that the two carbide phases can sometimes be
superimposed with each other. In this example, Nb and Ti were associated

with the same particles.



MHI Alloy 152 Weld Samples (CT013, CT017 and CT018)

The welds were tested in the as-welded (AW) condition with the exception of one test that was
performed on an MHI alloy 152 weld that had been given a low-alloy steel (LAS) heat treatment
of 610°C for 12 h followed by air cooling. Orientation of the specimens relative to the weld is
shown in Figures 3.9. Specimens were machined from the blanks to target the desired crack
growth path as was illustrated in Figure 3.3.

The first SCC crack-growth test was performed on a single CT specimen (CT013) of the MHI
alloy 152 in the as-welded condition. Crack extension and transitioning were done in 325°C
PWR primary water by cyclic loading at decreasing frequencies, with an R value of 0.7, and a K
of 30 MPavm. After >500 h cycling at 0.001 Hz, hold times of 2.5 h and then 24 h were added
as shown in Figure 3.10. Extremely low, but stable crack growth rates were observed under
these conditions decreasing to 3x10”° mm/s after ~1000 h for the 24 h hold. Constant K was
established and the measured propagation rate gradually decreased to <5x107'° mm/s over the
next few months. After ~2200 h (3 months) at constant K, the test was ended. A summary table
of test conditions and corrected specimen response for each test phase is shown in Table 3.3.
Post-test examination started by sectioning of the specimen to obtain a crack surface profile and
then fatiguing the other piece of the CT specimen to expose the crack growth surface. The
crack profile in Figure 3.11 shows that the crack growth direction was not as well aligned with
the dendrites as appeared when marking the blank to cut the CT specimen. Nevertheless,
regions of IG growth were found on the crack growth surface shown in Figure 3.12. The SEM
images indicate that the IG cracking is on dendrite boundaries. The IG growth appeared to
begin during the cycle + hold steps and the final crack front was ~35% IG. Based on this
degree of IG engagement, area-averaged propagation rates were determined and are reported
in Figure 3.10. If only the maximum IG crack extension was considered, estimated local rates
would be ~5X higher or ~1.5x10”° mm/s at constant K.

Figure 3.9  Image of MHI alloy 152 weld showing positioning of 0.5T CT specimens.
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Figure 3.10 Crack growth response of MHI alloy 152 specimen CTO013 during
transitioning and constant K steps.

Table 3.3  Test conditions and corrected specimen response for MHI alloy 152
specimen CT013.

Approx.
Water Avg. Crack
Test  Duration Freq Hold  Chemistry  Temp Kmax CGR Extension

Phase (h) R (Hz) (h) Conditions (°C) | (MPaym)  (mm/s) (mm)
1 8.1 0.3 1 0 29 cclkgH2, 325 26 4.8E-05 0.936
2 4.4 0.5 1 0 29 cclkgH2, 325 30 3.3E-05 0.526
3 46 0.6 1 0 29 cclkgH2, 325 33 2.3E-05 0.361
4 6.8 0.7 1 0 29cc/lkgH, 325 33 1.4E-05 0.335
5 26 0.7 0.1 0 29 cc/lkgH2, 325 33 2.8E-06 0.289
6 161 0.7 0.01 0 29 cc/lkgH2 325 34 6.0E-07 0.353
7 552 0.7  0.001 0 29 cclkgH2, 325 34 9.4E-08 0.171
8 520 0.7 0.001 25 29cc/kgH2, 325 34 2.0E-08 0.032
9 855 0.7 0.001 24 29 cc/lkgH2, 325 34 3.0E-09 0.010
10 2413 - constK = --- 29 cclkgH2, 325 34 3E-10 0.004

The next two alloy 152 specimens were tested in series with one in the as-welded condition
(CT018) and one given a low alloy steel (LAS) stress-relief heat treatment (CT017). Overall
crack growth response is shown in Figure 3.13 with testing performed both at 350°C and at
50°C. Unlike the CT013 test, shorter transitioning intervals were used with more emphasis on
sampling the response of the material at several different regions in each specimen and on
trying different methods to obtain a more engaged |G crack front. The transitioning conditions
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used in the first region of the specimen were identical to those in the first test on the MHI alloy
152 (CT013) with the exception of shorter duration. The initial crack growth during cycle + hold
and constant K steps were essentially identical to that observed in the previous test (specimen
CT013) as shown in Figure 3.14. Stable propagation rates were measured, and slowed to
extremely low values under constant K conditions (<5x10™'® mm/s). A second region of the
alloy 152 microstructure was then evaluated by extending the crack ~0.4 mm in both samples
by moderate cycling.

v

“

CTO013 Crack Profile ) 1.0 mm

Figure 3.11 Side surface profile of MHI alloy 152 sample CT013 showing alignment of
crack relative to dendrite structure.
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Figure 3.12 Crack growth surface of MHI alloy 152 specimen CT013. Optical image on
left reveals local areas of SCC propagation and SEM images on right
illustrate IG morphology.
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Figure 3.13 Overall crack growth response of MHI alloy 152 specimens CT017 & CT018.
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Figure 3.14 Constant K crack growth response of MHI alloy 152 specimens CT017 &
CT018 at 30 MPaVm.
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An alternate SCC transitioning approach was then used with sawtooth waveforms during cycling
with R = 0.5, a 12 s unload, and increasingly longer reload time ranging from 300 s to 1000 s.
After ~100 pym of growth with the 1000 s reload time, the R value was then changed to 0.7 and a
2.5 h hold was added. Over ~200 h, the crack growth rate was observed to slowly decrease to
a rate below 1x10® mm/s as shown in Figure 3.15. The load cycle was then converted from a
sawtooth waveform to a 0.001 Hz symmetric waveform while maintaining the same 2.5 h hold
time and R value of 0.7. As shown in Figure 3.15, no change in propagation rate occurred upon
converting to the symmetric waveform, and the crack growth rate of ~6x10®° mm/s was slightly
less than that observed when this same cycle + hold condition was used earlier in the test.
Since no SCC enhancement was indicated during the cycle + hold loading, it was decided to
investigate the crack growth response at a higher K of 40 MPavym. This was done for both
specimens by extending the crack 0.4 mm using cyclic loading (0.01 Hz, R=0.6) and a dK/da
value of 100 MPaym/mm. Based on post-test correction of the crack length, the actual K value
was ~48 MPavm after the dK/da transition. After switching to 0.001 Hz (symmetric waveform)
and an R of 0.7, propagation rates were evaluated after adding a 2.5 h hold and finally during
constant K as shown in Figure 3.16. Crack growth rates were 3-4X higher than seen at lower K
levels with values of 1.7- 2.1x10® mm/s and 1.0-1.7x10"® mm/s for the cycle + hold and constant
K conditions, respectively.

CT017 & CT018 CGR, 0.5T CT Alloy 152 MHI for Kewaunee, samples D & E
350°C, 35 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,

0.070 25
|8 | 1000s/12s5+2.5h 0.001 Hz + 2.5 h I
|2 | R=0.7 R=0.7 ]
(=] —
® “‘_ v — ~ B B + 20
0.065 12 T =
i Il
I 5.6e-09 [ &
~ Y mm/s . t1sg
B 0.060 | I M/]r’v S
E ° MHI alloy 152 '*.ﬂ"f"\" h @ ~
. v T 3
< LAS stress relief W,vh"l’v},.mﬂ‘ T10°7 E
R I YT s I
& 0.055 . i 23
T o 5.6e-09 T <
£ A mm/s 5 -E &
= w
T MHI alloy 152 S
§oos50 gl WV o ST SR yioe [ -
[ lo 3
=
(<}
0.045 LA~ . mm/s .5
corrected for actual crack length CT ECP Pt ECP
0.040 ‘ ‘ : ‘ ‘ ‘ ‘ L .10
4300 4350 4400 4450 4500 4550 4600 4650 4700 4750
time (hrs)

Figure 3.15 Crack growth response during cyclic loading conditions of MHI alloy 152
specimens CT017 & CT018 at ~33 MPaVvm in the second microstructural
region examined.



CT017 & CT018 CGR, 0.5T CT Alloy 152 MHI for Kewaunee, samples D & E
350°C, 47-49 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,

0.075 25
19 constant K T
S 1
4 = " ) l 1
0.073 3 VT T T T T T T T DW= - 20
:, MHI alloy 152 1.7e-09 mm/s 1 <
1 5
0.071 1Y - J R R - 15 ~
E 3 | [ 7§
E g 1.0e-09 mm/s Py .
N 12 + 30
T 0.069 {7 T R A EE LR EEEEPERERENS ISRl SETRpopa MM NLM 10 = o
L 1 1 3. §
S 12 G
o ] s ‘g’ )
50'067 T v ol adial LN LR LI 75 'g?j
& ~3-4x higher CGR S w
S 1 than at 30-33 MPavm I
<506s | 4N MHI alloy 152 T o U] (o0 &
T LAS stress relief I 3
0.063 g~
|‘ corrected for actual crack length CTECP Pt ECP 1
P
0l061 T T T T T T T T 1 -10
5100 5200 5300 5400 5500 5600 5700 5800 5900 6000
time (hrs)

Figure 3.16 Constant K crack growth response of MHI alloy 152 specimens CT017 &
CT018 at ~48 MPavm.

The final stage of the test examined crack-growth response at 50°C while maintaining PWR
primary water chemistry conditions, including a dissolved hydrogen content of 29 cc/kg. After
extending the crack ~1 mm by cycling at 0.01 Hz, transitioning and constant K steps were
performed as shown in Figure 3.17. The crack growth rates during cyclic and cycle + hold
loading were found to be ~2-3X greater than rates observed at 350°C at the same stress
intensity value and cycling conditions. However when the test was converted to constant K, the
crack in both specimens ceased growing entirely, and when cyclic loading conditions were re-
established, crack growth resumed. The test was later converted to constant K again with the
no crack advance. This suggests that dynamic strain during cycling is required for environment-
assisted propagation at this low temperature.

One of the characteristic features of the crack growth response at 50°C was a relatively large
systematic variation in the DCPD-measured crack length during low frequency cyclic loading.
To better assess the cause of this, the DCPD response was examined in detail during cycle +
hold loading conditions as shown in Figure 3.18. Large spikes in the DCPD-measured crack
length were found to occur at the onset of each load cycle with the crack length decaying rapidly
to a value slightly higher than existed prior to the load cycle. The spikes in the crack extension
are clearly not a real phenomenon, but each load cycle does produce a small increment in crack
length. The lack of growth during the hold time is consistent with the constant K response. Itis
thought that the spikes in crack length are due to the formation (during constant K loading) and
destruction (during cycling) of “conducting” bridges behind the crack front. These bridges may
form in the crack wake due to the electrochemical conditions of the PWR primary water at 50°C



where Ni metal is stable. Enhanced electronic conduction across the crack will result in DCPD
underestimating the actual crack length. Dynamic deformation during load cycling is apparently
sufficient to break the bridges resulting in an immediate increase in DCPD-measured crack
length. However, the bridges across the crack quickly reform once the cycle is complete.

As a final phase of the test, the air fatigue crack growth rate at 50°C of these specimens was
measured and found to be 3-4X lower than in PWR primary water at the same temperature,
further demonstrating that propagation at 50°C was an environment-assisted process. A
summary of test conditions and corrected response of both specimens for each phase of the
entire test is shown in Table 3.4. The specimens were then fatigue fractured in air to expose
the crack growth surfaces. An optical image highlighting the crack growth surface created
during high temperature testing is shown in Figure 3.19. Lines on the surface separate different
phases of the tests. Regions of IGSCC are apparent, especially at the final high temperature
crack front with the higher K level. SEM images in Figure 3.20 better illustrate the degree of IG
engagement with the final crack front at 350°C having about 40% IG engagement. Somewhat
surprisingly, more than 90% IG engagement was found to occur during the crack growth testing
at 50°C. This IG growth is consistent with the higher crack growth rates observed during cycling
loading of the specimens at 50°C in water.

CT017 & CT018 CGR, 0.5T CT Alloy 152 MHI for Kewaunee, samples D & E
50°C, 47-49 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,

1.30 - 50
T A 0.001 Hz + 2.5 h constant K 0.001 Hz + 2.5 h,
[ |88 | reos R=0-7
- 1
1 +4
1.20 -+ [ oo ] 3
1 1 .
1 " 1 40,€
~ 1.10 +8.5€-07 - - ---------o o WML 5.7e-08 { O
E no growth at mm/s 7 BA
~ constant K T 33
35
£ i MWW= 5, 5
o .-l: o
g 1.00 .2>ﬁ
9 T 6.7e-08 gv
X mm/s 7305 5
i 1 ] §uw
o090t (- MHI alloy 152 1 9
1 LAS stress relief + 259
6.6e-07 1 3
mm/s
0.80 ™ e e e S NN ~— 10
T corrected for actual crack length
0-70 T T T T T T T T T 15
6350 6400 6450 6500 6550 6600 6650 6700 6750 6800 6850

time (hrs)

Figure 3.17 Crack growth response of MHI alloy 152 specimens CT017 & CT018 at
50°C in simulated PWR primary water.
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Figure 3.18 Detail plot showing DCPD measured crack growth response during cycle +
hold loading conditions at 50°C in MHI alloy 152 specimen CT017.
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Figure 3.19 Optical image of high temperature crack growth surface of the MHI alloy 152
specimen CT017.
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Table 3.4

Summary of test conditions and corrected response of MHI alloy 152

specimens CT017 & CT018.

CTO017 MHI Alloy 152
Blank D - LAS Stress Relief

CT018 MHI Alloy 152
Blank E - As Welded

Approx. Approx.
Dur- Water Crack Crack
Test  ation Hold Chemistry Temp |Kmax CGR Ext. Kimax CGR Ext.
Phase (h) R Freq (Hz) (h) Conditions (°C) [(MPaVym) (mm/s) (mm) |[(MPaVm) (mm/s) (mm)
1 ~3 03 3 0 airprecrack RT 25 9.3E-05 0.40 25 8.4E-05 0.40
2 ~2 05 3 0 airprecrack RT 28 7.3E-05 0.35 29 6.1E-05 0.35
3 ~2 0.6 3 0 airprecrack RT 30 5.2E-05 0.35 31 4.3E-05 0.35
4 ~3 07 3 0 airprecrack RT 31 2.7E-05 0.20 31 2.0E-05 0.20
5 79 07 0.1 0 29ccikgH, 325 31 1.6E-06 0.398 32 2.4E-06 0.589
6 227 0.7 0.01 0 29ccikgH, 325 31 3.0E-07 0.264 33 4.3E-07 0.346
7 795 0.7 0.001 0 29ccikgH, 325 31 5.8E-08 0.155 33 5.7E-08 0.169
8a 822 0.7 0.001 25 29cc/kgH, 325 31 7.0E-09 0.021 33 7.0E-09 0.023
8b 686 0.7 0.001 25 29cckgH, 350 31 6.2E-09 0.017 33 7.6E-09 0.019
9 633 0.7 0.001 24 29cclkgH, 350 31 1.4E-09 0.006 33 1.5E-09 0.007
10 726 - constK -~ 29cckgH, 350 31 4E-10  0.001 33 3E-10 <0.001
11 15 05 0.1 0 29ccikgH, 350 32 9.2E-06 0.337 34 1.1E-05 0.396
12 66 0.5 0.01 0 29ccikgH, 350 32 1.6E-06 0.414 35 1.8E-06 0.464
13 55 0.5 300s/12s 0 29cckgH, 350 33 8.5E-07 0.167 35 8.3E-07 0.162
14 112 05 600s/12s 0 29cc/kgH, 350 33 4.7E-07 0.175 35 4.1E-07 0.160
15 97 0.5 1000s/12s O  29cc/kgH, 350 33 2.9E-07 0.106 36 3.0E-07 0.103
16 190 0.7 1000s/12s 2.5 29cc/kgH, 350 33 7.9E-09 0.007 36 8.4E-09 0.008
17 225 0.7 0.001 25 29cckgH, 350 33 7.9E-09 0.006 36 8.4E-09 0.008
18 80 0.6 0.01 0 29cc/kgH, 350 |33->46 1.4E-06 0.562 |36->49 1.3E-06 0.466
19 84 0.65 0.001 0 29ccikgH, 350 46 2.8E-07 0.090 49 2.4E-07 0.074
20 69 0.7 0.001 0 29ccikgH, 350 46 1.8E-07 0.048 49 1.8E-07 0.046
21 200 0.7 0.001 25 29cckgH, 350 46 2.4E-08 0.015 49 3.1E-08 0.021
22 923 - constK -~ 29cckgH, 350 46 1.4E-09 0.004 49 1.0E-09 0.006
23 89 ---  constK - 29cc/kgH, 100 37 no growth - 39 no growth -
24 151 -~ constK - 29cc/kgH, 50 37 no growth - 39 no growth -
25 39 05 0.01 0 29ccikgH; 50 49 5.7E-06 0.711 53 6.5E-06 0.865
26 59 05 0.001 0 29ccikgH; 50 50 6.5E-07 0.139 55 8.8E-07 0.189
27 116 0.5 0.001 25 29cc/kgH, 50 50 1.3E-07 0.009 55 1.2E-07 0.016
28 100 0.7 0.001 25 29cc/kgH, 50 50 1.3E-07 0.031 55 1.2E-07 0.026
29 142 -~ constK -  29cc/kgH, 50 50 no growth - 55 no growth -
30 337 0.7 0.001 25 29cc/kgH, 50 50 5.4E-08 0.110 55 5.1E-08 0.108
31 339 09 0.001 25 29cc/kgH, 50 50 1.2E-08 0.018 56 6.0E-09 0.015
32 208 0.7 0.001 25 29cc/kgH, 50 51 2.0E-08 0.011 56 1.6E-08 0.017
33 197 0.7 0.001 25 air 50 51 1.1E-08 0.028 56 6.3E-09 0.015
34 122 05 0.01 0 air 50 51 8.0E-07 0.381 57 8.5E-07 0.402
35 191 05 0.001 0 air 50 52 8.3E-08 0.064 57 8.9E-08 0.065
36 146 0.5 0.001 25 air 50 52 8.2E-09 0.006 57 9.2E-09 0.005
37 112 0.7 0.001 2.5 air 50 52 1.2E-08 0.002 57 1.3E-09 0.001




~40% IGSCC >90% IG
engagement at 350°C engagement at 50°C
¥ 5 . ¥ ¢ . e, |

cTof8, ML ghoy 152 % il

325-350°C 50°C

CTO18- o ™\
MHI alloy’ 152

e SRR

250 pm

Figure 3.20 SEM images of 350°C and 50°C crack growth surfaces in MHI alloy 152
specimen CT018.

3.3 Alloy 52 Welds

For the MHI alloy 52 weld, alloy 152 (heat 307380) was buttered onto the U-groove surface by
SMAW, while alloy 52 (heat NX2686JK) was used as the filler and applied by gas tungsten arc
welding (GTAW). Welding parameters for the MHI alloy 52 GTAW consisted of a deposition
speed of 4-10 cm/min and a current of 150-300 amps. Welding parameters for the AREVA alloy
52 butt weld were not provided.

Alloy 52 Weld Samples (CT024, CT025, CT032 and CT033)

Duplicate tests have been performed on two alloy 52 welds, one made by AREVA (CT024 and
CT032) and the other made by MHI (CT025 and CTO033). Orientations of these specimens
relative to the welds are shown in Figure 3.21. Before machining specimens, the blanks were
etched to allow viewing the weld morphology, and a desired crack growth path through specific
weld passes was determined. Specimens were again machined from the blanks to target the
desired crack growth path, for example, as shown in Figure 3.3.

Two tests were performed with an AREVA alloy 52 sample paired with an MHI alloy 52 sample
in both tests. An overview of the first test is shown in Figure 3.22 with CT024 being the AREVA
material and CT025 being the MHI material. The test can be broken up into three phases. The
first two phases evaluated crack growth response during transitioning and constant K at 350°C
at two different regions in the specimens while the third phase of the test examined the 350°C
constant K crack growth response after extending the crack by cyclic loading at 50°C. This
unusual transitioning method was based on the high degree of IG engagement observed in the
MHI alloy 152 specimens during cyclic loading at 50°C.
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Figure 3.21 Image of the MHI alloy 52 and AREVA alloy 52 welds showing positioning of
the 0.5T CT specimens.
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Figure 3.22 Overview of the crack growth response of two alloy 52 welds, one made by
AREVA (CT024) and one made by MHI (CT025).

In the first region that was evaluated, crack growth rates during cycle + hold loading with R = 0.7
were found to be a factor of 2-5X lower than transitioning crack growth rates in the MHI alloy
152 specimens from previous tests. Additional transitioning steps were applied using an
R = 0.5 and crack growth rates increased, however propagation rates in the alloy 52 specimens
remained a factor of ~2X lower than for the alloy 152 specimens under equivalent gentle load
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cycling. Cycle + hold and constant K response was then determined as presented in
Figure 3.23. The crack growth rate during the extended time at cycle + hold loading was very
linear with no suggestion of any change in the degree of engagement. At approximately 2130 h,
the loading conditions were set to constant K and no crack advance was measured over a
period of approximately 500 hours. Transitioning was reinitiated using a series of different hold
times and periodic unloading steps, but none gave any indication of an increase in engagement,
and it was decided to advance the crack in the specimens to a new region. Using moderate
cyclic loading conditions, the crack in each specimen was advanced over 0.5 mm, and
transitioning was initiated using symmetric waveforms with R = 0.5. Propagation rates during
subsequent cycle + hold conditions were found to be only slightly higher (40% higher with rates
of ~1.4x10® mm/s) than the rates observed in the previous region suggesting that constant K
crack growth rate for the specimens would again be well below 1x10° mm/s.

For the final phase of the test, transitioning at 50°C was performed. In an attempt to generate
an engaged IG crack front in the alloy 52 specimens, it was decided to perform similar cycling at
50°C in PWR primary water as was done for the alloy 152 specimens where extensive IG
cracking was observed. The crack growth response of the alloy 52 specimens at 50°C is shown
in Figure 3.24.
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Figure 3.23 Cycle + hold and constant K response of the AREVA and MHI alloy 52

specimens (CT024 & CT025) in the second region of each specimen that
was examined.
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While an increase in propagation rate with time during 0.001 Hz step is suggestive of an
improvement in engagement, the crack growth rate in each of the three cyclic loading steps was
consistently lower than the rates observed at 350°C and much lower than measured for the
alloy 152 specimens under equivalent cycling conditions. After ~1000 hours of crack extension
at 50°C, the loading was converted to constant K, and the test temperature was brought back
up to 350°C. DCPD fluctuations were allowed to settle out for 24 h before crack length
measurements were resumed. The resulting crack length with time response at 350°C is shown
in Figure 3.25. As can be seen, very high initial crack growth rates in excess of 1x107 mm/s
were observed. Over the next 1400 hours (2 months), the propagation rates slowly decreased
reaching levels below 1x10® mm/s similar to earlier high-temperature constant K response for
these specimens. The high initial DCPD-measured growth rates is possibly due to the disruption
of conducting bridges across the cracks formed at low temperatures and during the temperature
increase to 350°C. As noted previously, electrochemical conditions are very Ni-metal stable at
50°C and move closer to the Ni/NiO potential as the temperature is increased. The increase in
DCPD-measured crack length may be due to oxidation or creep-induced fracture of these
bridges in the crack at high temperature. It was not possible to separate this process from actual
propagation, but it appears likely that the final constant K rates after 2 months are more
representative of SCC growth rates. A summary of test conditions and corrected specimen
response for each phase of the test is shown in Table 3.5.

CT024 & CT025 CGR, 0.5T CT Alloy 52, AREVA and MHI for Kewaunee
50°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,

0.880 70
1 0.01 Hz, 0.001 Hz, 0.001 Hz + 2.5 h, T
| R=0.5 R=0.5 MHI alloy 52 R=0.5 1
4 f
0780 + T -+ 60
17.6e-07 mm/s + E
E 0.680 {Mm/s 150 @
E IS T =
= 0-2X Lower CGR than at 350°C g
[
o E
N 0.580 -/ - - 40 B
) I 7 3
£ AREVA alloy 52 I e
o 0
(= Q
850480 /T 08 4.1e-09 ... L 30 Y
mm/s =]
3
o
0.380 7 Pl e T e —"} 20
i 3.5e-07 1
mm/s
] corrected for actual crack length |
0-280 T T T T T T T 10
4500 4600 4700 4800 4900 5000 5100 5200 5300 5400

time (hrs)

Figure 3.24 Overview of the crack growth response of the AREVA and MHI alloy 52
specimens (CT024 & CT025) during cyclic loading conditions at 50°C.
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Figure 3.25 Constant K crack growth response of the MHI and AREVA alloy 52
specimens (CT024 & CT025) at 350°C after cyclic loading crack extension
at 50°C.

The test was ended and the specimens were fatigued open in air to document the crack growth
surfaces. Optical images of the crack growth surfaces for the AREVA and MHI alloy 52
specimens are shown in Figure 3.26 and 3.27, respectively. Several distinct bands are apparent
on the surface, and are labeled as A through D in Figure 3.26. Band A corresponds to the
transitioning and constant K testing in the first region that was examined. Band B corresponds
to rapid crack extension performed to move the crack front forward to the next microstructural
region of crack-growth testing while C corresponds to the transitioning steps in this region.
Finally, band D corresponds to crack extension at 50°C and during the subsequent constant K
phase at 350°C. SEM examination determined that the crack-growth surface of the AREVA alloy
52 specimen was TG except for two small protrusions of IG growth within the yellow boxed
region. An SEM example of this IG morphology is presented in Figure 3.28(a). This IG growth
appears to have been initiated and propagated during 50°C cycling with no significant IG
cracking produced during prior testing at 350°C. A higher fraction of IG cracking was discovered
for the MHI alloy 52 specimen as indicated by the yellow-boxed regions in Figure 3.27.
Whereas the AREVA alloy 52 specimen was less than 5% IG at the final crack front, the MHI
alloy 52 specimen was ~35% |IG. The cracking morphology in one of these |G regions for the
MHI sample is documented in Figure 3.28(b) and again appears to have initiated and
propagated during 50°C cycling.
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Table 3.5 Summary of test conditions and corrected response for AREVA and MHI
alloy 52 specimens CT024 & CT025.

CT024 AREVA Alloy 52 CT025 MHI Alloy 52
Butt Weld Blank #1 U-groove Weld Blank #1
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Knax CGR Extension| Knax CGR Extension
Phase (h) R (Hz) (h) Conditions (°C) [(MPaym) (mm/sec) (mm) |(MPaVm) (mm/sec) (mm)
1 ~3 0.3 3 0 airprecrack RT 25 1.2E-04 0.40 25 7.6E-05 0.40
2 ~2 0.5 3 0 airprecrack RT 28 7.6E-05 0.35 28 4.6E-05 0.35
3 ~2 0.6 3 0 airprecrack RT 31 5.1E-05 0.35 30 3.1E-05 0.35
4 ~3 0.7 3 0 airprecrack RT 31 2.1E-05 0.20 30 1.5E-05 0.20
5 88 0.7 0.1 0 29cc/kgH, 325 31 8.0E-07  0.257 30 7.5E-07  0.235
6 237 0.7 0.01 0 29cc/kgH, 325 31 1.6E-07 0.133 30 1.5E-07 0.128
7 323 0.7 0.001 O 29ccikgH, 325 31 2.2E-08 0.031 31 2.2E-08 0.033
8 82 0.7 0.001 O 29cc/kgH, 350 31 3.1E-08  0.011 31 5.3E-08 0.016
9 314 0.7 0.001 25 29cc/kgH, 350 31 1.4E-09 0.004 31 5.7E-09  0.015
10 272 05 0.001 0 29cc/kgH, 350 31 1.0E-07 0.098 31 1.5E-07 0.126
11 806 0.5 0.001 25 29cc/kgH, 350 31 1.2E-08 0.024 31 1.0E-08 0.028
12 365 --- constK --- 29cc/kgH, 350 31 no growth - 31 9E-10 0.002
13 500 05 0.04 25 29ccikgH, 350 31 4.3E-09 0.013 31 6.1E-09 0.012
14 343 05 0.04 05 29ccikgH, 350 31 1.9E-08 0.022 31 3.1E-08  0.037
15 313 05 0.04 125 29cc/kgH; 350 31 8E-10 0.002 31 2.4E-09 0.004
16 49 05 041 0 29cc/kgH, 350 32 5.2E-06 0.718 34 7.2E-06  1.161
17 78 0.5 0.01 0 29cc/kgH, 350 33 9.7E-07 0.286 34 1.0E-06 0.308
18 225 05 0.001 0 29cc/kgH, 350 33 1.4E-07 0.119 34 1.5E-07 0.115
19 341 05 0.001 25 29ccikgH, 350 33 1.4E-08 0.038 34 1.5E-08 0.042
20 297 0.5 0.01 0 29cc/kgH, 50 33 3.5E-07 0.306 36 7.7E-07  0.592
21 513 05 0.001 O 29ccikgH, 50 34 4.3E-08 0.051 36 8.4E-08 0.018
22 250 0.5 0.001 25 29cc/kgH, 50 34 4.0E-09 0.012 36 1.6E-08 0.023
23 1327 - constK -- 29cc/kgH, 350 34 1.4E-09 0.053 37 2.8E-09 0.151
24 352 - constK --- 20cc/kgH, 350 34 1.2E-09  0.003 37 3.5E-09  0.006
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air precrack region

Figure 3.26 Optical image of the crack growth surface of the AREVA alloy 52 specimen
(CT024). Four distinct bands are apparent after the air precrack boundary
and the only area showing IG growth is indicated by the yellow box in the
final band labeled D. The smaller blue box identifies the area of the SEM
image shown in Figure 3.28.

air precracking

Figure 3.27 Optical image of the crack growth surface of the MHI alloy 52 specimen
(CT025). Yellow boxes indicate regions of |G growth and the blue box
identifies the area of the SEM image shown in Figure 3.28.
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AREVA alloy 52
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Figure 3.28 SEM images illustrating |G regions on the crack growth surface for the alloy
52 specimens: (a) isolated IG finger-like area in AREVA sample and (b)
typical IG area in MHI sample. For both specimens, some IG cracking was
initiated during final growth at 350°C and continued during cycling at 50°C.

Side surface images of the cracks were also obtained on these specimens with cut lines for both
specimens shown in Figure 3.29. Side surfaces where polished and etched to reveal the
dendrite and grain structure and are shown in Figures 3.30 and 3.31, respectively for the
AREVA and MHI materials. The edge of the crack wall is feathered over making it somewhat
difficult to determine TG or IG growth along the crack front, but comparison with the crack
growth surfaces allows the start of IG growth to be identified. Of interest in looking at these side
surfaces was the number of opportunities a crack had to intersect a grain boundary. The
AREVA material has an extremely large grain size (500 ym to 2000 pm) that provides little
opportunity for a TG crack to intersect a grain boundary while the MHI material has a wider
range of grain size with some falling down into the 200 um range. It is in a region of smaller
grain size where the MHI alloy 52 material goes IG.
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Figure 3.29 White lines indicate where crack growth surfaces were sectioned to expose
and polish crack side surfaces.

CT024 AREVA Alloy 52

f

IG crack begins end of test

Figure 3.30 Side surface image of the AREVA alloy 52 specimen, CT024.

CT025 MHI Alloy 52

\

machined
notch /

500 pm IG crack begins end of test

Figure 3.31 Side surface image of the MHI alloy 52 specimen CT025.
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A key issue that remained was whether any significant IGSCC growth occurred during constant
K testing at 350°C after crack extension at 50°C. In order to better assess the effects of the
temperature change on the DCPD-measured crack length, tests were performed on a second
pair of AREVA (CT032) and MHI (CT033) alloy 52 specimens in simulated PWR primary water.
An overview of the entire crack growth test is shown in Figure 3.32. The test can be broken up
into four phases. During the first phase, the specimens were transitioned for several weeks at
350°C and displayed similar cyclic crack growth response as specimens CT024 and CT025 as
illustrated in Figure 3.33. The temperature was then decreased to 50°C in the second phase
and the crack extended by ~1 mm using cyclic loading conditions. This is documented in Figure
3.34. Conditions used were similar to those for the first set of alloy 52 specimens. Loading was
then converted to constant K at a low value of 10 MPavm and the temperature brought back up
to 350°C in the third phase of the test. Considering the resistance of these materials, no crack
growth was expected at this low K value. However, nearly identical DCPD crack growth
response can be seen when comparing Figure 3.35 (CT032/33, low K) to Figure 3.25
(CT024/25, high K). The final phase of the test increased K values up to 30 MPavm and then to
40 MPaVm using dK/da loading. Constant K SCC propagation rates increased slightly at the
higher K values, but remained extremely low (corrected rates of 1.5x10™° mm/s for the MHI alloy
52 and <1x10”® mm/s for AREVA) as shown in Figure 3.36 and it was decided to end the test. A
summary of test conditions and corrected data for each phase of the test is shown in Table 3.6.

CT032 & CTO33 CGR, 0.5T CT Alloy 52, AREVA and MHI for Kewaunee
30 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,

14.00 T T 60
13.80 55
MHI alloy 52
13.60 50
13.40 45 ~
AREVA alloy 52 E
~ 13.20 a0 ;}
E - 3
- 13.00 35 >
- 2
2 12.80 30 §
2 3
% 12.60 25 €
v o
E (¥]
v 12.40 » 20 %
-
=
12.20 i5 ©
12.00 10
11.80 5
11.60 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
time (hrs)

Figure 3.32 Overall response for the second test on the AREVA and MHI alloy 52
specimens CT032 and CT033.
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Figure 3.33 Similar crack growth rates were seen during early transitioning between first
test (a) CT024/25 and second test (b) CT032/33 on the AREVA and MHI
materials.
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Figure 3.34 Cyclic loading response at 50°C of AREVA (CT032) and MHI alloy 52
(CTO33).
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Figure 3.35 Crack growth response of a second set of AREVA and MHI 52 specimens
(CT032 & CTO033) tested at 350°C following crack extension at 50°C.
Despite the low K value of 10 MPaVm, response is nearly identical to the
previous test at 30 MPaVm (see Figure 3.25).
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Figure 3.36 AREVA and MHI alloy 52 crack growth response at 40 MPavm.

After ending the test, the crack was sealed for crack-tip characterization by filling it with resin,
and the specimens were each sectioned into two slices with one slice being fatigued open to
reveal the crack growth surface, and the side of the other slice being polished to reveal the
crack path through the material. The optical images of the crack growth surface, as shown in
Figure 3.37, are somewhat difficult to discern because of resin coating the surface, but the large
phases of the test are identifiable. It is also clear that there are regions of IG growth on the
surface of both specimens. A side surface image of the AREVA (CT032) specimen is shown in
Figure 3.38 revealing again that the material has very large grains. In this particular slice
through the material, a significant amount of IG cracking was found; essentially the entire in-situ
portion of the test appears to be IG along this section through the specimen. The side surface
cut corresponds to a large protrusion on the crack growth surface in Figure 3.37. Several other
protrusions are apparent indicating a higher degree of engagement than on the previous test
(CT024). Figure 3.39 shows the side surface of the MHI (CT033) specimen with its smaller
grains. Of interest in this photo is that while the crack eventually finds a grain boundary and
cracks along it for some distance, it eventually turns off the boundary. Extensive cracking above
and below the main crack is apparent. There is clearly some preference for IG cracking, but it
appears that the grains must be well aligned for growth.

These crack growth results along with the crack surface observations support the conclusion
that after going up to 350°C, slow oxidation of Ni-metal bridges are occurring in the crack
produced at 50°C, and this is reducing or removing DCPD current conduction paths behind the
crack front causing an artificially high crack growth rate during this oxidation event. The very
similar crack growth rates between the tests at 10 and 30 MPaVm suggest that very little IGSCC
growth occurred after returning to 350°C even with ~35% |G engagement in the MHI specimen
and ~20% |G engagement in the AREVA specimen produced by transitioning at 50°C.
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Table 3.6 Summary of test conditions and corrected response for AREVA and MHI
alloy 52 specimens CT032 & CT033.
CT032 AREVA Alloy 52 CT033 MHI Alloy 52
Butt Weld Blank #1 U-groove Weld Blank #1
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Kmax CGR  Extension| Knax CGR  Extension

Phase (h) R (Hz) (h) Conditions (°C) | (MPaym) (mm/sec) (mm) |(MPaym) (mm/sec) (mm)
1 ~2 03 3 0 airprecrack RT 25 1.5E-04 0.58 25 1.2E-04 0.48
2 ~2 05 3 0 airprecrack RT 28 1.1E-04 0.46 28 8.1E-05 0.38
3 ~2 0.6 3 0 airprecrack RT 31 6.8E-05 0.35 30 5.0E-05 0.29
4 ~3 07 3 0 airprecrack RT 31 3.4E-05 0.35 30 2.3E-05 0.29
5 18 05 041 0 29cc/kgH, 350 31 6.0E-06 0.301 30 7.9E-06 0.457
6 106 0.5 0.01 0 29cckgH, 350 31 7.9E-07 0.303 31 1.4E-06 0.513
7 421 0.5 0.001 0 29cckgH, 350 32 1.0E-07 0.160 32 1.4E-07 0.219
8 60 --- constK -—- 29cc/kgH, 50 32 not meas 0.015 32 not meas 0.007
9 37 05 0.1 0 29cckgH, 50 32 2.3E-06 0.234 32 3.4E-06 0.410
10 200 0.5 0.01 0 29cckgH, 50 32 2.5E-07 0.208 33 2.8E-07 0.254
11 425 0.5 0.01 0 29cc/kgH, 50 32 3.9E-07 0.522 33 6.5E-07 0.873
12 192 0.5 0.01 0 29cckgH, 50 33 4.4E-07 0.212 36 4.8E-07 0.357
13 504 - constKk --—- 29cc/kgH, 350 11 decreasing  0.025 12 decreasing  0.085
14 186 0.78 0.001 2.5 29cc/kgH, 350 11 2.7E-09 0.024 12 8.3E-09 0.146
15 497 -- dK/da -- 29cc/kgH, 350 | 11->33 1.2E-08 0.059 | 12->38 1.3E-08 0.104
16 367 --—- constK -—- 29cc/kgH, 350 33 5E-10 <0.001 38 1.2E-09  <0.001
17 136 --—- dK/da --—- 29cc/kgH, 350 | 33->38 2.4E-08 0.002 | 38->44 2.9E-08 0.003
18 458 - constK -—- 29cc/kgH, 350 38 5E-10 <0.001 44 8E-10 <0.001
19 216 0.7 0.001 2.5 29cckgH, 350 | 38->39 1.1E-08 0.009 | 44->45 1.2E-08 0.010
20 86 0.7 0.001 25 29cckgH, 350 | 39->44 5.0E-08 0.009 | 45->51 5.4E-08 0.009
21 564 0.7 0.001 25 29cc/kgH, 350 44 1.1E-08 0.022 51 1.2E-08 0.024
22 1034 -~ constK --- 29cclkgH, 350 44 4E-10 0.001 51 1.5E-09 0.005

EVAREV/A
F:,’/J!_r_',.;‘

air precracking

Figure 3.37 Optical image of the crack growth surface of the AREVA alloy 52 specimen
(CT032) and the MHI alloy 52 specimen (CT033).

3-31




Figure 3.38 Side surface optical image of cracking in the AREVA alloy 52 specimen
(CT032) showing both TG and IG growth.

Figure 3.39 Side surface optical image of cracking in the MHI alloy 52 specimen (CT033)
showing both TG and IG growth.

3.4 KAPL Alloy 52M Welds

Characterizations, sample preparations and testing have been performed on three alloy 52M
weldments received from KAPL. A brief description of the welds and weld metal compositions
was given earlier in Table 3.1. Photographs of the V-groove and narrow gap mockups are
presented in Figure 3.40. These welds were produced under prototypic best practice conditions
and welding procedures. The third alloy 52M weldment was the same weld metal heat and
narrow-gap configuration as the prototypic narrow gap weld, but re-fuse passes were applied
between each weld pass to intentionally produce hot cracks. Based on metallographic
examinations, the individual weld blocks were sectioned by electro-discharge machining to
create blanks for CT and thin sheets for more detailed microstructural examinations. Most
characterization effort was placed on the alloy 52M weld with known hot cracks.

3-32



Figure 3.40 Alloy 52M welds from KAPL: (a) dissimilar metal V-groove weld of alloy
EN52M joining 304 SS and carbon steel and (b) alloy EN52M narrow gap
weld joining alloy 690. The thin rectangular bars at the front of the weld are
run-off tabs to help start the weld. The weld itself is between the two large
plates. Additional weldment was placed on top of the mockups to create
sufficient size to cut CT specimens.

Specimens CT040 and CT041 were machined from the center of the alloy 52M narrow-gap weld
and alloy 52M V-groove weld, respectively. This is illustrated in Figures 3.41 and 3.42.
Metallographic and SEM analyses were performed on the alloy 52M weld with hot cracks to
determine the location of the hot cracks. Optical imaging was useful in mapping out the location
of defects across entire width of the CT blanks while SEM was used to study the defects in
greater detail. As shown in Figure 3.43, the majority of the defects were hot cracks along grain
boundaries, and the density of these hot cracks was low. Because the cross-sectional area of
the as-received weldment was only slightly larger than a 0.5T CT specimen, only a few regions
of the weld could be selected for crack growth testing. Figure 3.44 shows the positioning of

3-33



specimens CT042 and CT043 on the CT blanks while the yellow boxes in Figure 3.43 show the
region of the weldment to be SCC tested relative to the observed weld defects in one of the
metallography specimens. Specimen CT042 is positioned off-center to intersect a higher
density of weld cracks, while CT043 is positioned near the center where fewer cracks were
observed. All four alloy 52M specimens were pre-cracked in air to a depth of ~1.2 mm.

KAPL Alloy, 5 ZM' NGE KARL Alloy!52MNG
IBlank{A®

SpecimenlA

Figure 3.41 Photos of KAPL alloy 52M narrow gap weld blank “A” and CT040 specimen
machined from the blank.

KAPIYAlloy:/52MV.G
V—groove Weld 5 Specrmen A
Blank¢A & | '

Figure 3.42 Photos of KAPL alloy 52M V-groove weld blank “A” and CT041 specimen
machined from the blank.
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Figure 3.44 Photos of specimens cut from KAPL alloy 52M narrow gap weld containing
hot cracks. Blank A (CT042) is positioned off-center and near the bottom of
the weldment to insect a high density of weld cracks, while blank B (CT043)
is positioned near the center of the weld where no weld cracks were
observed.
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KAPL Alloy 52M Narrow Gap and V-Groove Weld Testing (CT040 & CT041)

Testing was performed in simulated PWR primary water at either 350°C with 20 cc/kg dissolved
H, or, later in the test, 360°C and 25 cc/kg H,. These hydrogen concentrations were selected to
obtain ECP conditions at the Ni/NiO transition [Ref. 6]. An overview of the entire test is
presented in Figure 3.45. During in-situ pre-cracking and initial transitioning steps at R = 0.7,
low CGRs were observed, so steps were duplicated at a more aggressive R of 0.5 starting at
~180 h. CGR response increased significantly with both samples reaching rates >10° mm/s at
0.1 Hz. The V-groove weld sample exhibited higher CGRs than the narrow-gap weld as the
cyclic frequency was reduced first to 0.01 and then to 0.001 Hz.

As transitioning steps continued, higher CGRs continued to be measured in the V-groove weld
sample than for the narrow-gap weld sample. This is illustrated in Figure 3.46. Rates during
cycle + hold were 1.6x10® mm/s for the V-groove weld, somewhat higher than identified for
previous alloy 52 weld metal tests and ~2X higher than the narrow-gap weld. The decision was
made to switch to constant K conditions at ~1130 h and investigate SCC response. Crack-
growth rates of 3.6x10”° mm/s and ~7x10”'° mm/s can be seen for the V-groove and narrow-gap
alloy 52M weld specimens, respectively. Stable SCC propagation is seen throughout the
constant K period for the V-groove weld specimen in Figure 3.47, while growth, if any, appears
to have stalled in the narrow-gap weld specimen.

CTO040 & CT041 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap and V-groove Welds
350-360°C, 30 MPayvm, 1000 ppm B, 2.0 ppm Li, 20 cc/kg H>
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Figure 3.45 Overview of the entire test on the KAPL alloy 52M narrow gap (CT040) and
V-groove (CT041) specimens.
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Figure 3.46 Response during initial cycle + hold transitioning steps on the KAPL alloy
52M narrow gap (CT040) and V-groove (CT041) specimens.

CT040 & CT041 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap and V-groove Welds
350°C, 30 MPay/m, 1000 ppm B, 2.0 ppm Li, 20 cc/kg H,

0.016 45
TR o
12a canstant K KAPL alloy 52M adft
Y7 7 SR | LR SRDE RS ———— vEeweld = oo ~ WP LT 40
1oz il I
1 N "
HE T e W I DY gl (EBNN | LRI g
0.012 1 0 { 35,
T i wplb T F
R ey SN 3.6@-09 - ----cc-ecoosesoooo-oo 309
- I | I @4
= 1 A mm/s [ 13
E R, L L O S 1" Sl o
£ 0.008 [} 25> x
. 1 d T e
<] T T -2
a 1 b I §2
1 0.008 J 14e-08 Rl T RS e B B [y
E mm/s 7e-10 mm/s T O
P T ; 51
E 0.004 £ A - A L B A +152
1 L) ha KT | ¥ 1 o
1 i \J 1 g
I -4 R R S e T el e e P FIE T B 1) e
e I‘H' KAPL alloy 52M 149
i) NG weld T
0.000 |- - -5
¥ 9.3e-09 T
1 mm/s I
-01002 T T T T T 0

1000 1100 1200 1300 1400 1500 1600 1700 1800
time (hrs)

Figure 3.47 Response during initial constant K step on the KAPL alloy 52M narrow gap
(CT040) and V-groove (CT041) specimens.
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Gentle cycling was restarted to move the crack front forward slightly and straighten the crack
front, but since higher propagation rates were not observed during retransitioning, the decision
was made to increase the K level for both specimens. Cycling at 0.1 Hz (R = 0.5) was
established under dK/da loading at ~2165 h with the NG sample increasing from 30 to
35 MPaVm and the VG sample increasing from 32 to 39 MPaym. The CGR response during
this step is documented in Figure 3.48 showing ~390 and 730 um of crack extension
respectively for the NG and VG specimens over the 24-h period. Transitioning was then
performed by decreasing the cyclic frequency and moving to a cycle + hold at ~2330 h. Higher
CGRs were again observed during all loading conditions for the VG than for the NG sample.
Transitioning steps were continued until constant K (35 MPavm in the NG sample and
40 MPaVm in the VG sample) was established at ~2650 h as shown in Figure 3.49.
Propagation rate for the NG specimen was initially stable at 1.3x10° mm/s, similar to what has
been observed in previous alloy 52M materials tested at PNNL. The V-groove specimen
exhibited a higher growth rate of ~3.0x10®° mm/s for about 600 h and then appeared to slow
down at ~3200 h. The initial CGR for the V-groove specimen is similar to the value measured at
the lower K value.

To help promote SCC, a cycle + hold loading condition was reestablished and the test
temperature increased to 360°C while holding the ECP on the Ni/NiO line (25 cc/kg Hy). Once
again, crack growth rates started higher when switching back to constant K but decreased after
~500 h. This is illustrated in Figure 3.50 with the VG specimen slowing from 3.5x10° mm/s to
2.3x10®° mm/s. The rate for the NG specimen starts off at ~6x10™'® mm/s, and then appears to
stall after 1000 h. This test was ended after ~1700 h under constant K (35-40 MPavm)
conditions at 360°C and 25 cc/kg H,. The CGRs for both samples are similar to the previous
measurements at 350°C with slightly lower K values. A summary of the corrected step-by-step
data obtained during this test is presented in Table 3.7.
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Figure 3.48 Crack-growth response during the K increase by dK/da.
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Figure 3.49 Crack-growth response from cycle + hold to constant K for CT040 & CT041.
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Figure 3.50 Crack growth response during constant K at 360°C for the KAPL alloy 52M
narrow gap (CT040) and V-groove (CT041) weld specimens.
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Table 3.7  Corrected data summary for KAPL alloy 52M specimens CT040 & CT041.

CT040 CT041

KAPL A52M NG Blank A KAPL A52M V-groove Blank A
Dur- Water Crack Crack

Test ation Freq Hold Chemistry Temp| Kmax CGR  Extension| Kmax CGR  Extension
Phase (h) R (Hz) (h) Conditions (°C) [(MPa¥ym) (mm/sec) (mm) [(MPavm) (mm/sec) (mm)
1 ~3 0.3 5 0 airprecrack RT 21 6.8E-05 0.40 21 6.2E-05 0.40
2 ~2 05 5 0 airprecrack RT 23 4.0E-05 0.35 24 3.7E-05 0.35
3 ~2 06 5 0 airprecrack RT 26 2.6E-05 0.35 26 2.6E-05 0.35
4 ~3 0.7 5 0 airprecrack RT 26 1.3E-05 0.20 26 1.2E-05 0.20
5 86 0.7 0.1 0 20cc/kgH, 350 31 7.8E-07 0.241 32 9.8E-07 0.319
6 100 0.7 0.01 0 20cc/kgH, 350 31 1.3E-07 0.062 32 1.4E-07 0.078
7 153 0.5 0.1 0 20cc/kgH, 350 31 1.6E-06 0.443 33 3.5E-06 0.784
8 100 0.5 0.01 0 20cc/kgH, 350 31 3.5E-07 0.116 34 9.6E-07 0.302
9 242 0.5 0.001 0 20cc/kgH, 350 31 6.9E-08 0.055 34 1.4E-07 0.127
10 454 0.5 0.001 2.5 20cckgH, 350 31 1.1E-08 0.012 34 1.8E-08 0.033
11 647 - constK -—- 20cc/kgH, 350 31 ~8E-10 0.002 34 4.6E-09 0.011
12 380 0.5 0.001 2.5 20cc/kgH, 350 31 1.8E-08 0.007 35 6.8E-09 0.021
13 26 0.5 0.1 0 20cc/kgH, 350 | 31->37 increasing 0.439 35->45 increasing 0.899
14 47 0.5 0.01 0 20cc/kgH, 350 37 1.1E-06 0.199 45 2.7E-06 0.436
15 94 0.5 0.001 0 20cc/kgH, 350 37 1.6E-07 0.061 46 4 5E-07 0.158
16 84 0.5 0.001 25 20cc/kgH, 350 37 1.3E-08 0.007 46 1.8E-08 0.017
17 32 0.5 0.001 0 20cc/kgH, 350 37 1.4E-07 0.013 46 4.2E-07 0.044
18 195 0.5 0.001 2.5 20cc/kgH, 350 37 2.3E-08 0.016 46 5.1E-08 0.041
19 704 - constK --- 20cc/kgH, 350 37 1.6E-09 0.004 46 3.8E-09 0.010
20 159 0.5 0.001 2.5 20cc/kgH, 350 37 1.6E-08 0.008 46 5.3E-08 0.030
21 146 0.5 0.001 2.5 25cc/kgH, 360 37 2.1E-08 0.010 47 7.8E-08 0.037
22A 500 -~ constK - 25cc/kgH, 360 37 ~1E-09 0.001 47 4.2E-09 0.009
22A 1176 - constK --- 25cc/kgH, 360 37 ~5E-10 0.001 47 2.8E-09 0.011

After testing, a slice was taken from each of the two CT specimens for preparation of an interior
crack profile observation, and the other piece was fatigued open in air to reveal the crack growth
surface. Figures 3.51 and 3.52 show the crack growth surface of CT040 and CTO041,
respectively. Strong changes in loading conditions are apparent along the crack growth surface
of both specimens and are indicated by the yellow lines. In comparing the two surfaces the
higher crack growth rate of the V-groove specimen is apparent in each major region of the test.
While the final crack front of the narrow gap specimen (CT040) is relatively straight with little or
no strong SCC protrusions, the V-groove specimen (CT041) appears to have clear SCC
protrusions along the entire crack front. The cut line for the crack profile specimens is shown on
the crack growth surface images, and the crack profile images are shown in Figures 3.53 and
3.54 for CT040 and CTO041, respectively. The final crack front of the narrow gap specimen
(CT040) is relatively straight with no obvious indication of IG engagement. The crack profile
image shows that along the cut line, the precracking ended in the interior of a grain, and the
subsequent crack growth appears to be essentially straight through the grain. Towards the end
of the test, a grain boundary is encountered, but the cracking does not appear to be IG as it
moves along the boundary. This suggests that the majority of the cracking in the narrow gap
specimen is transgranular. While the precracking of the V-groove specimen (CT041) also ends
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in the interior of a grain, the crack does eventually find a grain boundary and grow
intergranularly. The crack does wander away from the boundary for a period, but it eventually
finds the boundary again. The crack profile reinforces the observations of the crack growth
surface that the cracking is predominantly IG. The clear difference in crack growth rate between
the two types of welds made using the same wire is an interesting result that warrants further
observations and supports the need to study welds made using production welding parameters.

air precrack region

Figure 3.51 Crack growth surface of the KAPL alloy 52M narrow gap specimen, CT040.

Specimen sectioned
along this edge prior
to air fatigue fracture

Z 8 e

air precrack region

Figure 3.52 Crack growth surface of the KAPL alloy 52M V-groove specimen, CT041.
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Figure 3.53 Crack profile of the KAPL alloy 52M narrow gap specimen, CT040.
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Figure 3.54 Crack profile of the KAPL alloy 52M V-groove specimen, CT041.

KAPL Alloy 52M Narrow Gap Weld with Hot Cracks (CT042 & CT043)

The CT specimen aligned with the hot cracks (CT042) was cut from the weld blank so that the
crack notch was ~2.8-3.0 mm from the region thought to contain hot cracks. A standard
precracking procedure in air was used to produce a precrack length of ~1.2 mm in both
specimens, thus allowing ~1.6-1.8 mm of in-situ crack extension before reaching the region of
material in CT042 thought to contain hot cracks. The test was initiated in 350°C water, and an
overview of the entire in-situ test is provided in Figure 3.55. As indicated by the overview plot,
several different transitioning steps were applied in the first phase of the test. With no prior
information about the cracking susceptibility of the material, it was decided to begin in-situ
precracking and transitioning at a conservative R of 0.7, however, low crack growth rates
indicative of a highly resistant material were obtained, and as shown in Figure 3.56, R was
changed to a more aggressive value of 0.5 at 300 h. CGR values measured at 0.001 Hz and at
this same cyclic frequency with a 2.5 h hold were typical low values observed in other tests on
alloy 152/52 as shown in Figure 3.57. A higher crack growth rate is not seen for the specimen
aligned to intersect hot cracks. Continuous cycling at 0.001 Hz was restarted at ~900 h and
was followed by checking for an increase in susceptibility under two different sawtooth
waveforms. The observed propagation rates were consistent with rates observed in prior steps,
indicating still typical response from both specimens.
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CT042 & CT043 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap Weld with Hot Cracks
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Figure 3.55 Overview of the entire test on the KAPL alloy 52M narrow gap weld
specimens (CT042 & CT043) with known hot cracks.
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Figure 3.56 In situ precracking and transitioning of the KAPL alloy 52M narrow gap weld
specimens (CT042 & CT043) with known hot cracks.
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CT042 & CT043 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap Weld with Hot Cracks
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Figure 3.57 Continued transitioning steps performed on the KAPL alloy 52M narrow gap
weld specimens (CT042 & CT043) with known hot cracks.

Having tried several different combinations of frequency and R during transitioning with typical
alloy 152/52 crack growth response, and because the crack length was nearing the region in
CTO042 thought to contain hot cracks, it was decided to transition to constant K. The sawtooth
waveform was converted to 0.001 Hz symmetric cycle + 2.5 h hold with R of 0.5 at 1500 h, and
a steady rate of ~1.0x10° mm/s was observed in both specimens as shown in Figure 3.58. This
rate was consistent with crack growth rates observed in other alloy 152/52 specimens, and the
test was converted to constant K at ~1750 h. A steady propagation rate of ~1.4x10® mm/s was
observed over the next ~400 h with no sign of increased propagation rate in the specimen
aligned to intersect hot cracks. Transitioning was restarted, and over the next several thousand
hours of testing, cyclic loading conditions were varied, the K level was increase by 5 MPaVm (by
dK/da), and the temperature was brought up to 360°C (see overview in Figure 3.55). Cyclic
loading conditions were then returned to 0.001 Hz + 2.5 h hold where propagation rates of
1.6x10° and 1.9x10° mm/s were observed in the hot crack aligned and non-aligned specimens,
respectively. These rates were ~1.7x higher than prior observations at these cyclic loading
conditions, and the test was converted to constant K. Over the next 1300 h of testing, a
relatively constant propagation rate of ~2.8x10° mm/s was observed (Figure 3.59) in the
specimen not aligned with hot cracks while the specimen aligned to intersect a field of hot
cracks showed a steady rate of ~1.1x10®° mm/s for 1000 hours and then no further growth was
observed for the remaining 300 h. With lower propagation rates consistently observed in the hot
crack aligned specimen, it was decided to end the test to examine the specimens. Table 3.8
lists a summary of the corrected step-by-step data obtained during this test.
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CT042 & CT043 CGR, 0.5T CT KAPL Alloy 52M Narrow Gap Weld with Hot Cracks
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Figure 3.58 First observation of constant K crack growth response on the KAPL alloy
52M narrow gap weld specimens (CT042 & CT043) with known hot cracks.
Slightly lower crack growth rate in the specimen aligned to intersect hot
cracks.
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Figure 3.59 Second and final observation of constant K crack growth response of the
KAPL alloy 52M narrow gap weld specimens (CT042 & CT043) with known
hot cracks. Specimen aligned to intersect hot cracks has lower crack growth
rate, and cracking eventually stalls.
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Table 3.8  Corrected data summary for KAPL alloy 52M narrow gap weld specimens
CT042 & CT043 with hot cracks.

CT042 CT043 KAPL A52M
KAPL A52M NG HC aligned NG HC non-aligned
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension
Phase (h) R (Hz) (h) Conditions (°C) |(MPaym) (mm/sec) (mm) [(MPaym) (mm/sec) (mm)
1 ~3 03 5 0 airprecrack RT 21 3.7E-05 0.40 21 5.0E-05 0.40
2 ~2 05 5 0 airprecrack RT 23 2.2E-05 0.35 24 3.2E-05 0.35
3 ~2 0.6 5 0 airprecrack RT 25 1.3E-05 0.35 26 2.2E-05 0.35
4 ~3 0.7 5 0 airprecrack RT 25 7.8E-06 0.20 26 1.3E-05 0.20
5 86 0.7 041 0 20cc/kgH, 350 30 4 7E-07  0.202 31 9.6E-07 0.281
6 159 0.7 0.01 0 20cc/kgH, 350 30 9.1E-08  0.049 31 1.3E-07  0.107
7 49 0.5 0.01 0 20cc/kgH, 350 30 4.7E-07 0.098 31 5.5E-07 0.145
8 261 05 0.001 O 20cc/kgH, 350 30 6.7E-08  0.060 32 7.0E-08 0.105
9 338 0.5 0.001 2.5 20cckgH, 350 30 1.3E-08 0.019 32 1.1E-08  0.051
10 241 05 0.001 O 20cc/kgH, 350 30 5.3E-08  0.040 32 5.4E-08 0.076
11 156 0.5 480/20 0O 20cc/kgH, 350 30 1.0E-07  0.057 32 1.2E-07 0.093
12 193 0.5 980/20 O 20cc/kgH, 350 30 6.1E-08  0.042 32 6.1E-08  0.077
13 280 0.5 0.001 2.5 20cc/kgH, 350 30 9.4E-09 0.012 32 1.1E-08  0.048
14 420 - constK -—- 20cc/kgH, 350 30 1.2E-09 0.004 32 1.6E-09 0.038
15 405 0.6 0.001 O 20cc/kgH, 350 30 3.4E-08 0.040 32 3.6E-08 0.076
16 265 0.6 0.001 2.5 20cc/kgH, 350 30 6.3E-09  0.010 32 6.6E-09  0.044
17 175 0.5 0.001 1 20cc/kgH, 350 30 1.6E-08  0.009 32 1.6E-08  0.045
18 43 0.5 0.001 1 20cc/kgH, 350 | 30->35 1.0E-07 0.014 32->37 1.2E-07 0.045
19 413 05 0.001 1 20cckgH, 350 35 3.2E-08 0.067 37 3.7E-08  0.095
20 190 0.5 0.001 2.5 20cc/kgH, 350 35 1.4E-08 0.010 37 21E-08 0.047
21 355 0.5 0.001 2.5 25cckgH, 360 35 1.6E-08 0.019 37 1.9E-08  0.051
22 1289 --- constK --—- 25cc/kgH, 360 35 1.1E-09  0.003 37 2.8E-09 0.047

Post-test examinations consisted of characterizing both the crack growth surface and a series of
crack profile obtained from side surfaces of the crack. To accomplish this, both specimens were
serially sectioned as shown in Figure 3.60 prior to air fatiguing open the specimens. Five slices
were obtained from the CT042 (hot crack aligned), but due to a machining error, only four slices
were obtained from CT043. The serial slices were placed in metallography mounts and polished
to a high luster using colloidal silica as the final polishing agent. Crack profile images for CT042
and CT043 are shown in Figures 3.61 and 3.62, respectively. The crack profiles of CT042 show
that the density of the hot cracks was too low and the distance from the SCC crack was too far
for any hot cracks to be intersected by the SCC crack. In addition, the grain boundaries (and hot
cracks) were at a steep angle to the geometric crack plane of the specimen, and the steep
angle was not allowing the SCC crack to grow favorably along the grain boundaries.
Somewhat surprisingly, the crack profile images of the specimen that was not supposed to be
aligned with hot cracks shows that a few hot cracks were in the vicinity of the SCC crack.
However, as with the hot crack-aligned specimen, only a few hot cracks were present, and they
are fairly far from the SCC crack and at a steep angle to it. The grain boundaries are much
better aligned with the geometric crack plane of the specimen. Instances of growth along
dendrite and grain boundaries are apparent, and the more favorable alignment is likely
responsible for the higher constant K crack growth rate in CT043.
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Figure 3.60 Post-test serial sectioning plan for KAPL alloy 52M NG weld specimens with
hot cracks (CT042 & CT043).
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Figure 3.61 Crack profile of images from CT042, the weld specimen aligned with hot
cracks. The profile images show hot cracks in the region of the SCC crack,
but the density is lower than expected.
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Figure 3.62 Crack profile of images from CT043, the weld specimen not aligned with hot
cracks. The profile images show hot cracks in the region of the SCC crack,
however.

Figures 3.63 and 3.64 show the crack growth surface of the remaining piece of the CT
specimens that was not used for crack profile observations. The edge of the specimen
corresponding to the last serial section taken from the specimens is indicated, and the yellow
line denotes the boundary between air precracking and in situ testing. The in situ crack growth
surface of the hot crack aligned specimen (CT042, Figure 3.63) shows a lower amount of
growth. A large number of ridges run along the length of the crack, and it is thought that these
indicate jumps in crack growth plane. The areas inside the yellow boxes are the only regions
along the crack surface that are clearly IG based on the optical images. No obvious indications
of intersected hot cracks are present. While there are no fingers of obvious SCC extension on
the crack growth surface of the non-aligned specimen (CT043, Figure 3.65), the greater amount
of in situ crack extension and the fewer number of ridges are suggestive of better SCC
engagement. As with CT042, there are no obvious indications of intersected hot cracks.

The post test examination of these two specimens has revealed a density of hot cracks too low
or too far from the SCC crack plane to provide any insight as to whether hot cracks can affect
SCC crack growth. An unintended outcome of the test on these two specimens is, however, a
better understanding of the importance of grain boundary orientation relative to the geometric
crack plane of the specimens. With these highly resistant welds that have very large, elongated
grains with apparently low susceptibility to IG cracking, the difference in the crack growth rate of
the two specimens suggests that the highest possible crack growth rate can only be determined
if the grain boundaries are well aligned with the geometric crack growth plane of the specimen.
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When considering the effect of poor welding conditions on crack growth rate, there is also the
possibility that unfavorable microstructure and/or segregation may be present in this weld
containing hot cracks. One method to assess this affect is to compare the crack growth rate of
these specimens to the KAPL NG specimen that was fabricated without re-fuse passes
(CT040). Since the grain boundaries in CT040 were favorably aligned with the geometric crack
plane, CT043 with its favorable grain boundary orientation is the appropriate hot crack weld
specimen to use for the comparison. Using the highest constant K crack growth rate observed,
the hot crack specimen (CT043) exhibits a ~2x higher crack growth rate than the standard
specimen (CT040). This may indicate a small detrimental effect of chemistry or microstructure
on SCC susceptibility in the region of hot cracks, but results are likely within the test
reproducibility.

air precrack region

Figure 3.63 Crack growth surface from CT042, the weld specimen aligned with hot
cracks.

air precrack region

Figure 3.64 Crack growth surface from CT043, the weld specimen not aligned with hot
cracks.
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3.5 Alloy 52M/182 Overlay and Alloy 52M/82 Inlay Welds

An alloy 52M/182 overlay mockup was obtained from Ringhals and is shown in Figure 3.65(a).
It was fabricated by robotically welding a 10-mm-thick alloy 52M layer onto alloy 690 plate and
then by manually welding alloy 182 onto the alloy 52M layer. The alloy 52M layer was applied
by GTAW with a weld speed of 7.5 cm/min at a current of 130 A while the alloy 182 was applied
by SMAW with a weld speed of 7-12 cm/min at a current of 95-125 A.

An inlay mockup was obtained from Westinghouse and is from a full-scale inlay repair
demonstration by Ringhals on a ring of A533 steel pipe. The inlay was fabricated first by carving
a boat out of the inner surface of the ring as shown in Figure 3.65(b), and then alloy 82 filler was
robotically welded onto the pipe section. This was followed by the robotic application of the alloy
52M inlay. Lastly, an alloy 152 weld layer was the manually applied by Westinghouse to allow
fabrication of compact tension specimens for stress-corrosion testing with an orientation
allowing cracks to be grown from the alloy 82 into the alloy 52M.

[ 05

alloy 152 layer :
for CT specimen

alloy 52M inlay

alloy 82 fill

Alloy 690 ey low alloy steel

~ 75 mm deep £ ._ 47 mm

Figure 3.65 Overview of the Ringhals alloy 52M overlay and inlay mockups: (a) overlay
where alloy 52M was robotically welded to an alloy 690 plate followed by
alloy 182 manually welded onto the alloy 52M. The alloy 52M layer is 10-
mm thick. (b) full-scale, service mockup with alloy 82 fill followed by an alloy
52M inlay. Alloy 152 was welded onto the alloy 52M by Westinghouse to
allow fabrication of CT specimens from the inlay region.

Alloy 52M/182 Overlay Weld Sample Pair #1 (CT028 & CT029)

Two 0.5T CT samples (CT028 and CT029) of the Ringhals alloy 52M/182 overlay were
machined to locate the notch in the alloy 182 weld metal approximately 3 mm from the alloy
52M interface. The sample and notch locations are indicated in Figure 3.66. Composition
measurements were performed using SEM-EDS at two locations along the interface between
the 182 weld and alloy 52 weld as shown in Figures 3.67 and 3.68. Profile #1 was acquired at
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the bottom of an alloy 182 weld puddle while profile #2 was acquired at the saddle point
between two alloy 182 weld puddles. The two profiles indicate a dilution zone width ranging
from ~70 pm to 150 um with dilution occurring in both the alloy 182 and alloy 52 welds. These
measurements illustrate the complexity of the dilution zone at the alloy 52M/182 interface and

suggest that a simple assessment of Cr concentration effects on SCC propagation rates will be
difficult.

e s - "ﬂ s
specimen #2 5 el
l.. : :t'?' 4:" :

ot

—r

(b)

Figure 3.66 Photographs showing location of specimens to be taken from alloy
182/52/690 overlay received from Vattenfall/Ringhals. Machined notch will
be approximately 3.0 mm from the alloy 182-52 boundary.
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Figure 3.67 Compositional profile #1 across the bottom of an alloy 182 weld puddle and
into the alloy 52M of the Ringhals alloy 52M/182 overlay material.
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Figure 3.68 Compositional profile #2 across an alloy 182 weld trough and into the alloy
52M of the Ringhals alloy 52M/182 overlay material.

Fatigue pre-cracking was performed in air to produce an initial crack extension of ~1.7 mm in
the alloy 182 material. The overlay samples were mounted in series and tested in simulated
PWR primary water at 350°C. A hydrogen concentration of 20 cc H,/kg H,O was maintained to
produce an electrochemical potential at the Ni/NiO line in an attempt to promote maximum
CGRs in the alloy 182 weld metal. An initial transitioning sequence was followed for crack
growth through the alloy 182 weld metal similar to the test protocol used for two earlier alloy 182
CGR tests. The intent was to produce a fully engaged IGSCC crack front in the alloy 182 at a
position that is ~400 pym from alloy 182/52M interface and monitor growth under constant K
conditions as it approached the high Cr, alloy 52M weld metal.

After crack extension at 0.01 and 0.001 Hz (R=0.7), the crack front is estimated to be ~550 ym
from the interface and a hold time of 2.5 h was added at ~670 h. The CGR at 0.001 Hz with a
2.5 h hold was ~1.5x10® mm/s for both samples as shown in Figure 3.69. Because of this
slower than expected CGRs, the R value was decreased to 0.5 to promote faster growth.
Propagation rates increased to 2.5-3x10® mm/s for both samples, and an initial attempt to
evaluate constant K response was made starting at ~1240 h. Unfortunately, very slow CGRs of
~2x10° mm/s were observed as illustrated in Figure 3.70.
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CTO028 & CT029 CGR, 0.5T CT Alloy 182->52M Traverse, Ringhals Overlay Mockup
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Figure 3.69 Initial cycle + hold steps in the alloy 182 portion of the Ringhals alloy
52M/182 overlay material.
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Figure 3.70 First constant K response of the Ringhals alloy 52M/182 weld showing very
low crack growth rates in the alloy 182 material.
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Since there was no indication of significant SCC growth under cycle + hold or constant K
conditions, the decision was made to evaluate another microstructural region closer to the alloy
52M/182 dilution zone. Cycling at 0.01 and 0.001 Hz at R=0.5 was applied to straighten and
extend the crack front by ~0.2 mm. This should have moved the crack front to within ~0.3 mm of
the dilution zone. The R value was then increased back to 0.7 and cycling continued at 350°C
until ~1750 h as shown in Figure 3.71. Crack-growth rates for the two samples were found to be
similar to that established previously.

The low crack growth response for the alloy 182 weld metal was unexpected based on prior
SCC test results. Since most of this previous work on alloy 182 was performed at slightly lower
temperatures, the decision was made to briefly assess response at 325°C at different hydrogen
partial pressures (as in prior alloy 182 tests). Although a detailed assessment was not
performed, higher CGRs were clearly seen at 11 cc/kg than for 29 cc/kg by a factor of ~2X
consistent with the prior tests on the EdF alloy 182 but much less than seen for tests on the
ICG-EAC alloy 182 round robin material. In the end, constant K growth rates were extremely
low (<1x10™° mm/s) at 325°C, therefore the test temperature and H, level were increased back
to 350°C and 20 cc/kg. Propagation rates were initially ~3x10° mm/s under these conditions
(still slow for alloy 182) as shown in Figure 3.72, and decreased over the next two weeks to
~1x10° mm/s similar to what was observed previously.

CT028 & CT029 CGR, 0.5T CT Alloy 182->52M Traverse, Ringhals Overlay Mockup
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Figure 3.71 Crack extension into new microstructural region and growth response during
cycle + hold loading with R = 0.7 and R = 0.5.

3-54



CT028 & CT029 CGR, 0.5T CT Alloy 182->52M Traverse, Ringhals Overlay Mockup
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Figure 3.72 Repeat observation of constant K and cycle + hold response at 350°C in the
Ringhals alloy 52M/182 overlay. Very low CGRs suggest the crack had
entered into the alloy 52M weld.

Based on DCPD-measured crack extensions, it was estimated that the alloy 52M should still be
a distance of ~150 ym away. However, considerable uncertainty exists both for the actual crack
length and the position of the interface. The only practical way to determine where the crack
front currently is would have been to remove the samples and polish the side surfaces. It was
decided to determine CGRs one more time under the standard 0.001 Hz + 2.5 h hold condition.
As shown in Figure 3.72, this change was made at 3115 h and new rates stabilized at 1.0 and
1.3x10° mm/s. These rates are 3-4X slower than measured previously under identical
conditions and suggested that the crack front has reached the alloy 52M interface even though
it should be >100 ym away from the interface based on DCPD-measured crack extension.

Because of this uncertainty and the importance of evaluating SCC CGRs in the alloy 52M weld
metal, the decision was made to drop the temperature and extend the crack well into the alloy
52M by cycling at 50°C. A similar cycling sequence was chosen as for the alloy 152 weld metal
samples where extensive |G cracking was produced along the crack front. The low-temperature
response of the two samples is presented in Figure 3.73. Surprisingly, aggressive cycling at
0.1 Hz and R=0.5 produced quite different behavior with much more crack extension in overlay
specimen CT028 (~0.75 mm) than for specimen CT029 (~0.2 mm). This suggests that complex
ligaments were present in the overlay specimen CT029 restricting crack growth or masking the
true crack length. The decision was made to reduce the cyclic frequency to 0.001 Hz partially
due to the significant crack length difference (~1.1 mm) between the samples. The applied K is
maintained at 30 MPaVm based on the DCPD crack length for specimen CT028 and is
estimated to be slightly lower for specimen CT029 (~26 MPavm).
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CTO028 & CT029 CGR, 0.5T CT Alloy 182->52M Traverse, Ringhals Overlay Mockup
50°C, 30 MPayv'm, 1000 ppm B, 2.0 ppm Li, 20 cc/kg H,

1.200 25
0.1 Hz, l 0.01 Hz, 1
R=10.5 R =0.5 ]
. e
1.000 T T T T T oo i -1 20
' 3.3e-07 i
Alloy 52M isinglhe s
- E
B 0800 -~ mmmmmmm s T oieoesoooooooaoos T 159
E -
= specimen #1 ‘-2_ 8
L= -
o i ] oot
E 0 | e ey T s 1 10:5 ;,.
™~ - 4 et
£ 3x-20x slower than at 350°C Y
g | EQ
m i v
5 0.400 5 g
=
-
(=]
0.200 - -0
0.000 . . . -5
3500 3600 3700 3800 3900

time (hrs)

Figure 3.73 Crack extension in alloy 52M during cycling at 50°C in the Ringhals alloy
52M/182 overlay.

After a crack length increase of ~1.2 and 0.3 mm for the specimens CT028 and CT029 at 50°C,
respectively, constant K conditions were established and the temperature was increased to
350°C. The crack-growth response at 350°C and 20 cc/kg is shown in Figure 3.74. As with the
previous tests on alloy 152 and alloy 52, the propagation rates at 350°C decreased from
relatively high values (>5x10® mm/s) to ~4x10° mm/s over the following 600 h (25 days). While
the rates appeared steady over the last ~100 hours, it is expected that the rates would have
continued to decrease slightly over time. In order to help assess the reason for the slowing
growth rate, a periodic unload every 2.5 h was added at ~4750 h and an immediate jump in
DCPD crack length was observed. Expanding the time scale to focus on this rapid increase in
length revealed that most of the change (~0.2 mm for specimen CT028 and ~0.1 mm for
specimen CT029) occurred during the first three 0.001 Hz cycles. This suggests that ligaments
had developed and were broken by the initial cycles at an R of 0.5. Since the growth rate under
the cycle + hold condition then reverted to the expected steady-state values, constant K
conditions were resumed at ~4800 h. No indication of SCC propagation was observed over the
next few days and the DCPD-measured crack length slightly decreased before the test was
ended at 4936 h. A summary of testing conditions, crack extension, and crack growth rate for
each phase of the test is shown in Table 3.9. In order to better understand crack-growth
response in the alloy 182 and alloy 52M regions, the specimens were removed, their side
surfaces examined and then fatigue fractured in air to examine the crack growth surfaces.
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Figure 3.74 Constant K crack-growth response in the alloy 52M weld material after
temperature increase from 50°C to 350°C.

Side-surface examinations were performed to find the crack front as demonstrated in Figure
3.75(a). The crack can be identified within the side groove of the overlay sample CT028 and
distance from the notch estimated as ~4.3 mm. This sample was subsequently removed from
the system, the crack was resin impregnated, and then a slice was sectioned off to allow
preparing a TEM crack tip specimen. The specimen was then air fatigue fractured and the resin
burned off the crack growth surface by baking at 630°C followed by ultrasonic cleaning in DI
water. The resulting, tinted crack growth surface is shown in Figure 3.75(b). The change from
grey/gold to blue coloration on the crack growth surface results from the transition from crack
growth in alloy 182 to alloy 52M. Consistent with the side-surface measurement, the overall
crack length was 4.5 mm with ~2.9 mm in a water environment. This reveals an underprediction
of crack length by DCPD, since it reported a crack length produced in 350°C and 50°C water of
~2.1 mm.
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Table 3.9  Corrected data summary for Ringhals alloy 52M/182 overlay specimens
CT028 & CT029.
CT028 CT029
Ringhals Alloy 52M/182 Ringhals Alloy 52M/182
Overlay Pair #1 Overlay Pair #1
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension
Phase (h) R (Hz) (h) Conditions (°C) |[(MPaym) (mm/sec) (mm) |(MPaVym) (mm/sec) (mm)
1 ~3 03 3 0 air RT 25 1.0E-04 0.71 25 8.1E-05 0.57
2 ~2 05 3 0 air RT 28 5.7E-05 0.49 28 5.4E-05 0.38
3 ~3 0.6 3 0 air RT 30 3.4E-05 0.30 30 3.1E-05 0.28
4 ~5 07 3 0 air RT 30 1.5E-05 0.30 30 1.4E-05 0.32
5 74 0.7 0.1 0 20cc/kgH, 350 30 1.0E-06  0.201 30 1.0E-06 0.236
6 214 0.7 0.01 0 20cc/kgH, 350 30 2.7E-07  0.200 30 2.6E-07 0.196
7 359 0.7 0.001 O 20cckgH, 350 30 5.3E-08  0.066 30 5.0E-08 0.074
8 345 0.7 0.001 2.5 20cckgH, 350 30 1.2E-08  0.011 30 1.7E-08  0.015
9 518 0.5 0.001 2.5 20cckgH, 350 30 2.5E-08 0.029 30 3.1E-08  0.033
10 267 - constK --—- 20cckgH, 350 30 2.1E-09 0.003 30 21E-09 0.002
11 55 0.5 0.01 0 20cc/kgH, 350 30 9.0E-07 0.177 30 9.0E-07 0.181
12 84 05 0001 O 20cckgH, 350 30 1.7E-07  0.051 30 9.7E-08  0.028
13 119 0.7 0.001 O 20cckgH, 350 30 3.2E-08 0.017 30 1.6E-08  0.009
14 77 0.7 0.001 O 11cckgH, 325 30 2.6E-08 0.007 30 8.3E-09  0.004
15 410 0.7 0.001 2.5 11cckgH, 325 30 6.3E-09  0.009 30 2.4E-09 0.004
16 170 0.7 0.001 2.5 29cc/kgH, 325 30 3.3E-09  0.002 30 1.9E-09 0.000
17 181 0.7 0.001 2.5 11cclkgH, 325 30 45E-09 0.003 30 2.4E-09 0.003
18 82 --- constK --—- 11cc/kgH, 325 30 no growth  0.001 30 no growth ~ 0.000
19 422 - constK --—- 20cc/kgH, 350 30 9E-10 0.004 30 no growth ~ 0.000
20 365 0.5 0.001 2.5 20cckgH, 350 30 1.3E-08  0.034 30 1.0E-08 0.010
21 184 05 0.1 0 20cckgH, 50 30 2.0E-06 0.700 30 4.0E-07 0.179
22 249 0.5 0.01 0 20cckgH, 50 30 3.2E-07 0.302 30 4 4E-08 0.052
23 239 05 0.001 O 20cckgH, 50 30 4.3E-08 0.071 30 6.9E-09 0.010
24 602 --- constK --- 20cc/kgH, 350 30 4.0E-09  0.039 30 2.4E-09  0.027
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Figure 3.75 Optical images showing crack in the side groove (top) and fracture
morphology on the crack-growth surface (bottom) for the alloy 182/52
overlay specimen #1 (CT028).
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Alloy 52M/182 Overlay Sample Pair #2 (CT034 & CT035)

Based on previous experience obtained with the alloy 182 weld metal in the overlay samples
CT028 and CT029, the decision was made to begin SCC transitioning at 30 MPavm under
oxidizing BWR water conditions (288°C high purity water with 2 ppm O;) with 30 ppb sulfate.
This environment has been shown to give much more consistent SCC response for alloy 182
weld metals [Ref. 7], and the intent was to promote maximum IGSCC crack-front engagement
before switching to simulated PWR primary water. Initial transitioning steps were performed at
an R value on 0.7 to reach constant K with the crack front a little more than 1 mm away from the
alloy 182 - alloy 52M interface. The initial constant K growth rates were ~2x10® mm/s for both
samples as shown in Figure 3.76. These rates were again lower than anticipated, but it was
expected that the rate would increase with time as has been observed in previous tests on alloy
600 and alloy 182 under BWR oxidizing water conditions. However, the CGRs slowed slightly
after ~300 h at constant K. A cycle + hold loading step with R = 0.7 was initiated at ~1220 h to
explore whether crack ligaments in the wake of the crack were affecting the DCPD
measurement of crack length. The lack of a significant jump in crack extension suggested little
or no breakage of ligaments, and the test was returned to constant K. Unfortunately, the
propagation rates remained at somewhat low values for this aggressive oxidizing environment,
so a second application of cycle + hold loading, but at R = 0.5 was applied with similar results.
While these rates indicate that IGSCC is occurring, the rates are ~10X lower than other tests on
alloy 182.
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Figure 3.76 Transitioning steps to constant K response under BWR oxidizing conditions
of the second pair of Ringhals alloy 52M/182 overlay specimens (CT034 &
CTO035).
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The decision was made to convert this test to PWR primary water conditions. As a first step,
sulfate additions were stopped at ~1790 h and propagation rates slowly dropped by 25% in
specimen #1 and 35% in specimen #2 over a period of ~375 h. Oxygen was then removed,
hydrogen added, and the temperature increased to 350°C at ~2150 h. A dissolved hydrogen
level of 20 cc/kg (near the Ni/NiO line) was used to promote maximum SCC susceptibility.
Boron and Li were not added to fully simulate PWR primary water conditions, but this difference
is not believed to have a strong influence on SCC. Over the following 3+ weeks, measured
CGRs for the two overlay samples slowly decreased as illustrated in Figure 3.77. CT035
revealed a more significant drop by more than 3 times and appears to be approaching a steady-
state CGR of <1x10® mm/s. CT034 remained slightly higher, but its propagation rate was still
extremely low. As was the case during the test of the first pair of overlay samples, the alloy 182
is very resistant to SCC. Even though transitioning in oxidizing water + sulfate should have
promoted IGSCC, subsequent growth in hydrogenated water was difficult. As a result, it was
again impractical to propagate SCC from the alloy 182 to the alloy 52M interface under these
conditions. Even assuming a significant error (~40%) in the actual crack length, the required
time to reach the interface under constant K or cycle + hold conditions in hydrogenated water
would be greater than one year. Therefore, the decision was made to advance the crack front
by 0.3-0.4 mm by aggressive cycling (hopefully removing any ligaments that may be present),
then go through transitioning steps again in 288°C oxidizing water + sulfate.
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Figure 3.77 Crack growth response on switching from BWR oxidizing to hydrogenated
water in the second pair of Ringhals alloy 52M/182 specimens (CT034 &
CTO035).
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Initial cycling was conducted at 0.1 Hz, R=0.5 beginning at ~2960 h and revealed a reasonably
rapid increase in DCPD-measured crack length of >100 ym in ~5 h before increasing the R
value to 0.7 for another 50 pym. The transitioning sequence was continued at ~2975 h by
decreasing the cyclic frequency to 0.01 Hz and then to 0.001 Hz at ~3015 h. Somewhat
surprisingly, the measured cyclic CGRs were 2-4X lower than measured under identical
conditions at the beginning of the test. To confirm this response, cycle + hold conditions were
established at ~3180 h showing a CGR of ~3x10® mm/s in Figure 3.78. Once again, this is
more than 2X lower than measured earlier in this test. Since the mockup was created by
overlaying alloy 182 on top of alloy 52M, a compressive residual stress is not expected in the
alloy 182. Therefore, a more likely explanation for the lower propagation rate is the presence of
ligaments behind the crack front or a highly uneven crack front with areas already intersecting
the alloy 52M interface. Loading conditions were briefly changed to a periodic unload at R = 0.3
producing a high AK of 21 MPaVvm. The lack of a significant jump in crack length and the small
increase in CGR suggests that no ligaments are being removed. Returning to the cycle + hold
condition produced a similar CGR and indicates that the periodic unload had no effect. The test
was converted to constant K at ~3660 h as shown in Figure 3.79. Specimen CT034 continued to
exhibit low values with the propagation rate decreasing to 1x10° mm/s. However, specimen
CT035 slowed only slightly, stabilizing at a rate of 1.0x10® mm/s and is comparable to the
constant K propagation rates measured in earlier steps of the test.

CT034 & CT035 CGR, 0.5T CT Ringhals Alloy 182/52M Overlay, Alloy 182->52M Traverse
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Figure 3.78 Response during second transitioning phase in BWR oxidizing water of the
second pair of Ringhals alloy 52M/182 specimens (CT034 & CT035).
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CT034 & CTO035 CGR, 0.5T CT Ringhals Alloy 182/52M Overlay, Alloy 182->52M Traverse
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Figure 3.79 Second observation of constant K response for the second pair of Ringhals
alloy 52M/182 specimens in BWR oxidizing water with sulfate.

The lower SCC CGRs being observed in the alloy 182 under aggressive oxidizing conditions
creates even more doubt whether a useful evaluation of the alloy 182/52M interface can be
obtained from this material. If sustained higher SCC CGRs cannot be produced in the alloy 182,
it will be impossible to assess crack growth rate changes during the final approach to the
interface. PNNL results on four separate Ringhals overlay mockup samples clearly show the
high SCC resistance of this alloy 182 weld metal in high-temperature hydrogenated water. The
current measurements confirm this result and also reveal that the alloy 182 is also somewhat
resistant to SCC in oxidizing BWR water. While the measured CGRs suggest that IGSCC is
occurring, rates are still >5X lower than expected in oxidizing water plus sulfate.

After discussion with the NRC project manager, it was decided to stop the test to remove
specimen CT034 for examination of first the crack front location at side surfaces and then to
fracture and document the crack-growth surface. These characterizations clearly showed that
the crack front had intersected the alloy 52M prompting the decrease in propagation rates. The
decision was made to restart the test on specimen CT035 under simulated PWR primary water
conditions and apply aggressive cycling to advance the crack front moving it completely into the
alloy 52M.
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After crack extension at 0.1 Hz and 0.01 Hz, a number of transitioning steps were applied with
variations in R and hold time. A rate of 3.2x10® mm/s was eventually established under cycle +
hold loading at R = 0.5 as shown in Figure 3.80. This rate is approximately 3x higher than has
been observed in the previous tests on alloy 152/52/52M, and decision was made to evaluate
constant K at this time. A small step increase in DCPD-measured crack length (~10 pym) was
detected when constant K was established at 5825 h, similar to that seen when switching from
cycling to cycle + hold conditions previously obtained. A stable CGR of 9.4x10° mm/s was
seen over the first 300 h at constant K and then decreased slightly to 7.6x10° mm/s over the
next 400 h. This final constant K response is shown in Figure 3.81. A summary of test
conditions, crack extension, and growth rate for each phase of the test is shown in Table 3.10.
These uncorrected propagation rates are ~6-20X higher than those previously measured for the
alloy 52 welds from AREVA and MHI.
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Figure 3.80 Final cycle + hold loading response of Ringhals alloy 52M/182 specimen
CT035 showing a relatively high rate of 3.2x10° mm/s.
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Figure 3.81 Final constant K response of Ringhals alloy 52M/182 specimen CT035 with
final propagation in the alloy 52M.

Alloy 52M/82 Inlay Mockup (CT031 & CT032)

A section of an alloy 52M weld inlay mockup produced for Ringhals/Vattenfall was obtained
from Rich Jacko of Westinghouse. As briefly described in Section 3.1, it consists of alloy 82
robotically deposited onto a low-alloy steel ring followed by a robotically deposited 10 mm thick
inlay of alloy 52M. A layer of alloy 152 was manually welded on top of the inlay by
Westinghouse to provide sufficient material to obtain CT specimens from the mockup. The
approximate location of the 0.5T CT specimens (CT031 and CT032) is shown in the Figure
3.82. The notch was positioned to enable the precrack to be placed in the alloy 82
approximately 0.5 mm from the alloy 52M interface. Both sides of the machined samples were
polished and etched to reveal the alloy 82 inlay and the alloy 52M interface. Examples of these
regions are shown in Figure 3.83 along with specifics of the planned precrack locations.
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Table 3.10 Data summary for Ringhals alloy 52M/182 overlay specimens CT034 &

CTO035.
CT034 CT035
Ringhals Alloy 52M/182 Ringhals Alloy 52M/182
Overlay Pair #2 Overlay Pair #2
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension
Phase (h) R (Hz) (h) Conditions (°C) |(MPaym) (mm/sec) (mm) [(MPaym) (mm/sec) (mm)
1 ~2 03 5 0 airprecrack RT 25 2.3E-04 0.50 25 9.5E-05 0.50
2 ~2 05 5 0 airprecrack RT 28 6.0E-05 0.30 28 6.5E-05 0.30
3 ~2 06 5 0 airprecrack RT 30 4.3E-05 0.20 30 4.3E-05 0.20
4 ~2 07 5 0 airprecrack RT 30 2.2E-05 0.20 30 2.1E-05 0.20
5 8 0.7 0.1 0 o02+s04” 288 30 2.1E-06  0.057 30 3.8E-06  0.090
6 69 0.7 0.01 0 o02+s04” 288 30 6.4E-07 0.163 30 1.3E-06  0.311
7 138 0.7 0.001 0 02+s04” 288 30 2.2E-07 0.135 30 4.2E-07 0.269
8 415 0.7 0.001 2.5 02+s04” 288 30 7.1E-08 0.176 30 6.6E-08  0.127
9 23 0.5 0.001 25 02+S04" 288 30 not meas 0.012 30 not meas 0.015
10 140 0.7 0.001 2.5 02+s04° 288 30 6.6E-08  0.033 30 8.2E-08 0.039
11 402 - constK -- 02+S04° 288 30 1.4E-08  0.025 30 1.6E-08  0.030
12 31 0.7 0.001 2.5 02+S04° 288 30 6.1E-08  0.009 30 7.5E-08 0.011
13 116 - constk -— 02+S04° 288 30 1.3E-08  0.006 30 1.1E-08  0.005
14 32 05 0.001 25 02+S04° 288 30 1.1E-07 0.014 30 1.2E-07 0.018
15 387 - constk -- 02+S04° 288 30 1.1E-08  0.018 30 6.7E-09  0.011
16 363 - constKk -- 2ppmO2 288 30 8.1E-09 0.012 30 44E-09 0.006
17 813 - constK -- 20cc/kgH2 350 30 2.2E-09 0.013 30 6.9E-10  0.001
18 5 05 0.1 0 02+s504° 288 30 notmeas 0.110 30 not meas 0.134
19 7 0.7 0.1 0 02+s504° 288 30 not meas 0.042 30 not meas 0.043
20 43 0.7 0.01 0 02+s504° 288 30 3.1E-07  0.050 30 3.8E-07 0.056
21 160 0.7 0.001 0 02+s04% 288 30 8.9E-08 0.050 30 1.0E-07  0.059
22 168 0.7 0.001 2.5 02+s04° 288 30 3.1E-08 0.018 30 2.9E-08 0.018
23 95 0.7 0.025 1 02+S04° 288 30 5.6E-08 0.026 30 5.7E-08 0.026
24 218 0.7 0.001 2.5 02+S04° 288 30 2.7E-08  0.020 30 2.7E-08  0.020
25 288 - constk -- 02+S04° 288 30 1.0E-09  0.006 30 1.0E-08 0.013
26 52 0.7 0.001 O 20cc/kgH2 350 | specimen removed from test 32 6.9E-09 0.016
27 21 03 0.2 0 20cc/kgH2 350 " 33 1.9E-05 2.049
28 230 05 041 0 20cc/kgH2 350 " 33 6.0E-06  0.461
29 184 0.7 0.01 0 20cc/kgH2 350 " 33 5.8E-07 0.396
30 395 0.7 0.001 O 20cc/kgH2 350 " 33 6.7E-08  0.032
31 64 0.7 0.001 25 20cc/kgH2 350 " 33 5.9E-09 0.008
32 115 0.5 0.001 2.5 20cc/kgH2 350 " 33 not meas not meas
33 427 05 0.001 O 20cc/kgH2 350 " 33 49E-07 0.168
34 668 0.5 0.001 25 20cc/kgH2 350 " 33 3.2E-08 0.061
35 52 --- constK === 20cc/kg H2 350 " 33 7.6E-09 0.021

A2 ppm O, + 30 ppb SO, ; 2 ppm O, + 60 ppb SO,
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alloy 152 layer
for CT specimen

alloy 52M inlay

alloy 82 fill

low alloy steel

47 mm

Figure 3.82 Profile of Ringhals alloy 52M inlay mockup weld received from
Westinghouse. Alloy 52M inlay is 10 mm thick.

Alloy 82

Figure 3.83 Optical images of the alloy 52M/82 inlay sample CT031.
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The goal of this test on the inlay samples was similar to that for the overlay samples; produce a
fully engaged IGSCC crack front in the more susceptible alloy 82 and monitor growth under
constant K conditions as it approaches the alloy 52M interface. An overview of the entire test is
shown in Figure 3.84. Testing began at 350°C and 29 cc/kg H, and was switched to 20 cc/kg
(ECP at Ni/NiO transition for expected maximum SCC growth rate [Refs. 6,8]) at ~130 h during
the gentle cycling at 0.001 Hz. Surprisingly, the change to a hydrogen level near the Ni/NiO line
prompted a small decrease in propagation rates. A 2.5-h hold time was added at ~220 h and the
propagation rates dropped to ~5.4 and 2.2x10® mm/s for the two inlay specimens. After ~100 h
in this cycle + hold condition, the rates stabilized at 2.9 and 2.1x10® mm/s. Based on prior alloy
82 results by GE Global [Ref. 7], the R value was increased from 0.5 to 0.7 to help promote
SCC. Propagation rates decreased by 2-3X after this change to values <10® mm/s suggesting
limited SCC engagement across the crack front. Consistent with this interpretation, rates further
decreased to ~3x10® mm/s or lower when switching to constant K conditions as illustrated in
Figure 3.85.

CTO30 & CT031 CGR, 0.5T CT Ringhals Alloy 52M Inlay Mockup, Alloy 82->52M Traverse
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Figure 3.84 Overview of the entire test on the Ringhals alloy 52M/82 inlay mockups
(CT030 & CT031).
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Figure 3.85 Initial cycle + hold and constant K response in PWR primary water of the
Ringhals alloy 52M/82 inlay mockup (CT030 & CT031).

In an attempt to promote IGSCC, environmental conditions were switched from hydrogenated to
oxygenated and the temperature reduced to 290°C. Under these BWR-like water conditions, a
higher IGSCC susceptibility has been observed for alloy 82 particularly with a low level sulfate
addition. The goal was again to improve SCC engagement across the crack front under
oxidizing conditions and then determine whether more rapid IGSCC rates could be maintained
when returning to PWR primary water. Figure 3.86 shows that the crack growth rate was
relatively unaffected by the more BWR-like water conditions, suggesting a tortuous crack front,
and at 1700 h, ~60 ppb sulfate was introduced to the water and gentle cycling was performed at
0.01 and 0.001 Hz (R = 0.7) to help restart crack advance followed by the addition of a 2.5 h
hold. Unfortunately, rates during these transitioning steps (shown in Figure 3.86) were
significantly lower than anticipated based on reported alloy 82 behavior in BWR oxidizing water
with sulfate additions. The decision was made to stop the test and exam side surfaces to
estimate the crack front location. Surprisingly, the cracks were determined to have reached the
alloy 52M interface.
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CTO030 & CT031 CGR, 0.5T CT Ringhals Alloy 52M Inlay Mockup, Alloy 82->52M Traverse
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Figure 3.86 Constant K and cyclic loading response of the Ringhals alloy 52M/82 inlay
mockup (CT030 & CT031) after switching from PWR primary water to BWR
oxidizing water (with sulfate).

Crack-growth testing continued for the two Ringhals alloy 52M/82 inlay mockup samples after
the restart at a test accumulated time of ~2275 h. Aggressive cycling was initiated to extend the
crack well into the alloy 52M inlay region and evaluate SCC CGR response in the alloy 52M
weld metal. A typical transitioning sequence was used and the cyclic frequency was reduced
over multiple steps. Propagation rates during cycling at an R of 0.5 were very similar to those
measured previously for the alloy 52 weld metal samples (CT024, CT025, CT032 and CT033)
and somewhat lower than for seen for the alloy 82 weld metal under identical loading and
environmental conditions. A 2.5-h hold time was added at ~2600 h and a CGR of 1x10® mm/s
was observed (Figure 3.87). Once again, this propagation rate matched that documented
previously for the alloy 52 samples suggesting that limited SCC engagement had been created
and constant K propagation rates would probably be <1x10® mm/s. It was then decided to
examine the crack growth response with a less aggressive load ratio. Cyclic loading was
changed to continuous cycling at 0.001 Hz, R = 0.7 for ~200 h, and then a 2.5 h hold was
added. Propagation rates for both specimens under these loading conditions are similar to the
MHI alloy 52 material (CT025 and CT033) where limited (if any) IGSCC was observed at 350°C.

Loading was changed to constant K at ~3820 h and low propagation rates of ~1x10™° mm/s were
observed for both samples as illustrated in Figure 3.88. Since limited crack-growth data exists
for alloy 52M, the test was continued at constant K to help build confidence in the measured
rates. For these low rates, the measured crack extension under constant K loading was ~5 ym
over approximately 1 month.
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CTO030 & CT031 CGR, 0.5T CT Ringhals Alloy 52M Inlay Mockup, Alloy 82->52M Traverse
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Figure 3.87 Alloy 52M response during cycle and cycle + hold loading at R=0.5 in the
Ringhals alloy 52M/82 inlay mockup specimens (CT030 & CT031).
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Figure 3.88 Alloy 52M response during constant K loading in the Ringhals alloy 52M/82
inlay mockup specimens (CT030 & CT031).
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The decision was made at ~4600 h to change back to cycle + hold loading and increase the
applied K value from 30 to 40 MPaVm using a programmed dK/da response. The initial dK/da
rate was ~0.05 MPaVm/um, giving growth rates of ~6.5x10"° mm/s during the 0.001 Hz cycle +
2.5 h condition with R = 0.7. At these slow propagation rates, the increase to 40 MPavm would
have taken months, and therefore, the dK/da was changed to 0.80 MPa\/m/pm at ~4950 h
producing a ~5 times increase in rate (to ~3x10® mm/s) as documented in Figure 3.89.
Although systematic evaluations of dK/da effects were not being attempted, it is clear that the
gradual increase in K and delta-K accelerates crack growth. It is important to note that while K is
slowly increasing with time, the actual dK/da is high compared with what may be expected in
actual piping components. In this case, K is being changed over um dimensions whereas similar
changes in K might be expected over mm dimensions in a component.

Final steps for this test were to evaluate SCC CGRs in the alloy 52M inlay at a higher K level of
40 MPaVm. The cycle + hold response was 1.3x10® mm/s for the two samples as shown in
Figure 3.89. This compares to rates of 4.5 and 2x10®° mm/s (3-4X lower) under this loading
condition at 30 MPavVm earlier in this test. The higher CGRs at 40 MPavm are similar to that
measured for the MHI alloy 152 weld metal where localized regions of IGSCC were observed.
Constant K conditions were established at ~5495 h and steady growth was observed in both
specimens during this period with uncorrected crack growth rates of 1.0x10®° and 1.6x10° mm/s
as shown in Figure 3.90. These rates are identical to those obtained on these specimens at
30 MPaVm, and the test was ended at 6500 h. A summary of test condition and corrected
specimen response for each phase of the test is shown in Table 3.11.
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Figure 3.89 dK/da response going from 30 to 40 MPaVm of the Ringhals alloy 52M/82
inlay mockup specimens (CT030 & CT031).
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CTO30 & CTO031 CGR, 0.5T CT Ringhals Alloy 52M Inlay Mockup, Alloy 82->52M Traverse
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Figure 3.90 Constant K response at 40 MPaVm of the Ringhals alloy 52M/82 inlay
mockup specimens (CT030 & CT031).

After ending the test, CT030 was fatigue fractured in air whereas CT031 was first backfilled with
resin, sectioned into two pieces, and then one side was fatigue fractured in air while the other
side was set aside for crack tip examinations. The most apparent feature of the crack growth
surface of CT030 in Figure 3.91 is the very large uncracked ligament in the wake of the crack.
This ligament formed at the onset of high temperature water testing, and was never broken
during the entire test. Another feature of interest in the crack growth surface of CT030 is the
rather uniform tan layer along the final crack front. This is likely representative of the final
transitioning and constant K at 40 MPaVvm. The jagged, uneven final crack front suggests a
relatively high degree of engagement (but still with a very slow crack growth rate). The side
surface image of the crack growing in the CT031 alloy 52M material in Figure 3.92 shows
evidence of a large crack resulting from rapid extension with a narrower cracking extending out.
The narrower crack, likely forming during cycle + hold and constant K, shows some preference
for cracking along dendrites. This can be better seen in the SEM image of the same region in
Figure 3.93.
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Table 3.11 Corrected data summary for Ringhals alloy 52M/82 inlay specimens #1 and
#2 (CT030 & CT031).
CT030 CT031
Ringhals Alloy 52M/182 Inlay | Ringhals Alloy 52M/82 Inlay
Specimen #1 Specimen #2
Approx. Approx.
Dur- Water Crack Crack
Test ation Freq Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension

Phase (h) R (Hz) (h) Conditions (°C) |(MPaym) (mm/sec) (mm) |(MPaVym) (mm/sec) (mm)
1 ~3 0.3 5 0 airprecrack RT 25 2.1E-04 0.40 25 1.7E-04 0.40
2 ~2 0.5 5 0 airprecrack RT 29 1.2E-04 0.35 28 9.7E-05 0.35
3 ~2 0.6 5 0 airprecrack RT 31 8.1E-05 0.35 31 5.6E-05 0.35
4 ~3 07 5 0 airprecrack RT 31 2.4E-05 0.20 31 2.2E-05 0.20
5 11 05 0.1 0 29cc/kgH, 350 31 5.5E-06 0.218 29 3.4E-06 0.108
6 43 0.5 0.01 0 29cc/kgH, 350 31 1.4E-06 0.209 28 1.1E-06 0.173
7 60 0.5 0.001 O 29cckgH, 350 31 2.8E-07 0.067 28 2.5E-07 0.052
8 101 0.5 0.001 0O 20cckgH, 350 31 1.8E-07 0.086 28 2.5E-07 0.084
9 568 0.5 0.001 2.5 20cckgH, 350 31 3.2E-08  0.063 28 2.7E-08  0.058
10 183 0.7 0.001 2.5 20cc/kgH, 350 31 3.2E-08  0.006 28 2.7E-08  0.007
11 534 - constK --—- 20cc/kgH, 350 31 7.3E-10  0.021 28 4.3E-09 0.006
12 197 -~ constK --—- 2ppmO, 288 31 6.6E-09  0.006 28 7.7E-09  0.011
13 111 07 001 0 2 p‘ggfz T o288 | 31 1.2E-07  0.055 28  16E-07 0.072
14 95 07 0001 0 °2 p‘ggfz T 288 | 31  24E-08 0.010 28  2.8E-08 0.008
15 209 0.7 0.001 25 2 pgr&(_)z T 288 31 5.2E-09  0.005 28 6.0E-09  0.005
16 161 05 0.001 25 2 ppsrgf)z T 288 31 1.3E-08  0.008 28 1.3E-08  0.006
17 14 04 0.2 0 29cc/kgH, 350 32 1.2E-05 0.640 27 7.7E-06 0.198
18 31 05 041 0 29cc/kgH, 350 32 4.2E-06 0.445 27 29E-06 0.339
19 52 0.5 0.01 0 29cc/kgH, 350 32 7.6E-07 0.148 27 4.9E-07 0.097
20 232 0.5 0.001 0 29cckgH, 350 32 9.9E-08  0.100 27 7.6E-08 0.109
21 390 0.5 0.001 2.5 29cckgH, 350 32 1.1E-08 0.018 27 1.3E-08 0.016
22 163 0.7 0.001 0 29cc/kgH, 350 32 3.4E-08 0.015 27 2.3E-08 0.007
23 649 0.7 0.001 2.5 29cckgH, 350 32 46E-09 0.019 27 4.4E-09 0.021
24 846  --- constK --- 29cc/kgH, 350 32 1.1E-09 0.021 27 2.0E-09 0.027
25 257 0.7 0.001 2.5 29cckgH, 350 | 32->34 7.1E-09 0.004 | 27->28 8.3E-09 0.006
26 112 0.7 0.001 2.5 29cclkgH, 350 | 34->43 3.1E-08 0.010 | 28->35 4.8E-08 0.012
27 484 0.7 0.001 2.5 29cckgH, 350 43 1.4E-08 0.021 35 1.6E-08 0.024
28 1033 - constK --—- 29cc/kgH, 350 43 1.1E-09  0.005 35 2.0E-09 0.005
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Figure 3.91 Crack growth surface of Ringhals alloy 52M/82 specimen CT030.
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Figure 3.92 Optical image of side surface of crack growing into alloy 52M in the Ringhals
alloy 52M/82 specimen CT031.
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Figure 3.93 SEM image of side surface of crack growing into alloy 52M in the Ringhals
alloy 52M/82 specimen CT031.

3.6 Summary and Discussion of SCC Results for Weld Metals

The crack growth rate response of industry-made alloy 152 and alloy 52 weld mockups was
investigated in simulated PWR primary water. Several different transitioning conditions were
used in each of the tests in an attempt to create an engaged |G crack front at 325-360°C. For
the crack growth surfaces that have been examined, the degree of engagement reached as
high as ~80% (KAPL alloy 52M V-groove) during testing in high temperature water. The AREVA
alloy 52 material, with <10% engagement had the least. Although such low degrees of
engagement were observed, out of plane branch cracks were observed in side surface
examinations of several specimens. Side surface examinations of the cracks suggest that with
these resistant materials, the degree of engagement will be strongly dependent on grain size
and grain orientation relative to the target crack plane. Smaller grain sizes increase the
interaction frequency with a growing crack, and grain boundaries aligned with the target crack
growth direction reduce the tendency for cracks to go off boundary. “Engaged” cracking may
not be completed limited to a grain boundaries path. The side surface of alloy 52M cracking in
the Ringhals alloy 52M/82 inlay mockup showed that when there was no grain boundary nearby,
there was a small preference for cracks to run on dendrite boundaries. Side surfaces of other
materials did not show this as clearly. Based on the degree of IG engagement, the KAPL alloy
52M V-groove and the MHI alloy 152 U-groove welds might be considered the most susceptible
materials.
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A summary of the measured constant K CGR response for the weld metal specimens is shown
in Figure 3.94. The highest recorded rate of ~1x10® mm/s was on alloy 52M in one of the
Ringhals alloy 52M/182 overlay specimens. Tests on KAPL alloy 52M produced the second
highest constant K CGR of ~4x10®° mm/s for the V-groove specimen, but significantly lower
rates for the narrow gap specimens using the same weld wire. Interestingly, the MHI alloy 152
exhibited one of the lowest SCC propagation rates (at least at ~30 MPaVm) even though it had
a relatively high degree of IG engagement. The most resistant material tested thus far has been
the AREVA alloy 52 weld metal. This material had a very large grain size (more than 1 mm)
with few opportunities for a crack to intersect grain boundaries. Relative to the alloy 182/132
disposition curve in Figure 3.94, nearly all measured SCC propagation rates for the high-Cr
welds are less than 1x10® mm/s with most <3x10™° mm/s. It is important to note that although
these reported CGRs have been adjusted for SCC engagement, localized regions or fingers of
IG extension have been seen in certain specimens suggesting maximum rates up to 5X higher
perhaps due to more optimized alignment with the weld metal grain boundaries. Continued
examination of the crack growth and side surfaces from these tests will provide further insight
on the resistance of these weld metals and the relationship between microstructure and SCC.

Alloy 52/152 CGR vs K

1.E-06

MW alloy 152 MHI (PNNL)

alloy 52 MHI (PNNL)

alloy 52 AREVA (PNNL)

alloy 52M Ringhals Inlay (PNNL)

alloy 52M Ringhals Overlay (PNNL)

alloy 52M VG KAPL (PNNL)

alloy 52M NG KAPL (PNNL)

alloy 52M NG HC aligned KAPL (PNNL)
© alloy 52M NG HC non-aligned KAPL (PNNL)

=== MRP-55 alloy 600

T AN @A '.'A' - m| =MRP-115 alloy 182/132

1.E-07
®@ ©C @ O @ P P

1.E-08
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Figure 3.94 Summary of PNNL-measured constant K SCC crack-growth rates for alloy
152/52/52M weld metals.

Crack growth testing was also performed at 50°C in simulated PWR primary water in some of
the specimens. The MHI alloy 152 tested at 48 MPavm was found to be very susceptible to I1G
cracking during cyclic loading at 50°C, having a final crack front that was ~90% 1G. Propagation
rates under cyclic and cycle + hold conditions were 2-3x greater at 50°C than at equivalent
loading conditions at 350°C. No crack extension was observed at constant K loading at 50°C
suggesting that dynamic strain at the crack tip during cycling is required for what is likely
hydrogen-assisted crack growth at this low temperature. The MHI alloy 52 weld metal was also
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found to be more susceptible to IG cracking at 50°C than at 350°C. An ~35% IG crack front
was obtained during cyclic loading at 50°C and 30-33 MPaVvm. Despite this IG cracking,
measured crack growth rates at 50°C were equal or somewhat less than values observed at
350°C. Similar differences in cyclic propagations rates were found for the AREVA alloy 52 with
rates at 50°C 50% less than at 350°C. Contrary to the other weldments, only isolated IG
cracking was seen for the AREVA alloy 52 during cycling at ~30-33 MPavVm in 50°C water.
Tests and examinations are ongoing to help determine why the alloy 52 weldments did not show
the same susceptibility to IG cracking as the alloy 152 weldment at 50°C. One possible reason
is the higher K (~50 MPaVm) and delta-K levels used for the alloy 152 which influences the
magnitude of dynamic stain during cyclic loading.

In an attempt to improve 1G engagement, crack extension was produced at 50°C in the alloy 52
weld specimens, and the test was then set to constant K and the temperature brought up to
350°C. DCPD-measured crack growth rates were initially quite high and decayed with time to
low values over several months. Nearly identical DCPD response was observed at very low K
and at 30 MPaVm indicating that the initial changes at 350°C were due to slow oxidation of
conducting paths across the crack behind the crack front. Even though the MHI alloy 52
exhibited significant IG engagement at 50°C, subsequent IGSCC propagation at 350°C appears
to be quite limited. This supports the general conclusion that the high-Cr alloy 52, 52M and 152
weld metals have excellent SCC resistance in high-temperature PWR primary water.
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4 SCC Crack-Growth-Rate Testing of Alloy 690
CRDM Tubing Materials

41 Compositions and Microstructures of Alloy 690 CRDM Materials

Multiple heats of alloy 690 CRDM tubing were purchased from Valinox Nucleaire including five
tubes from different heats, plus two tubes of different wall thicknesses made from a sixth heat
(RE243). General information on the six heats is summarized in Table 4.1 and is based on the
data supplied by Valinox. Independent composition measurements were obtained for three of
the heats (RE243, WP140 and WP142) selected for crack-growth rate testing. All tubing pieces
were obtained in ~2 ft lengths with each tube having sufficient wall thickness for 0.5T CT
samples in several possible orientations. Several of the alloy 690 CRDM tubing sections are
shown in Figure 4.1 after receipt at PNNL. The as-received tubing materials were in the
thermally treated (TT) condition that consisted of a short high-temperature anneal near 1100°C,
water quenched (WQ) and then annealed at ~720°C for ~10 h. The specific heat treatments are
given in Table 4.1. The reported room temperature yield strength (YS), ultimate tensile strength
(UTS) and total elongation (TE) are very consistent among the materials.

Optical metallography was performed on the six heats of alloy 690 CRDM tubing obtained from
Valinox in the longitudinal, transverse, and circumferential orientations to document grain
structures, inclusions, and precipitates. Grain size and shape were reasonably consistent for all
three orientations among the six heats. In addition, alloy 690 heat RE243 showed similar
structures in the two different tubing thicknesses (1.0-in. and 1.4-in. thick wall) obtained.

Table 4.1 Alloy 690 CRDM tubing materials at PNNL.
Material and CRDM Tube # Heat Treatments and Room
Heat # and Description Composition, wt% Temp. Mechanical Properties
Alov 690TT Ni-28.9Cr-10.4Fe-0.02C- 1122°C/~1 min. WQ +
O aa' || Tube 2360 (1.4” wall) | 0.3Mn-0.355i-0.14A1-0.23Ti- | 716-725°C/10.5 h, Air cool
0.024N-0.008P-0.0005S | YS/UTS = 37/89 ksi: TE = 54%
Aoy 690TT Ni-28.9Cr-9.6Fe-0.018C- 1110°C/~1 min, WQ +
O oo || Tube 2216 (1.0° wall) | 0.3Vn-0.28Si-011A-0.25Ti- | 710-720°C/11.25 h, Air cool
0.018N-0.008P, <0.001S | YS/UTS = 40/93 ksi: TE = 48%
Ni-29.0Cr-10.4Fe-0.03C- 1120°C/~1 min, WQ +
A”\‘/’\)’Pﬁa%ﬁ WP215‘Z')02’ C1:R2'?M T““be 0.3Mn-0.33Si-0.18AI-0.3Ti- 716-722°C/10.2 h, Air cool
(1.2" wall) 0.005P, <0.001S YS/UTS = 40/93 ksi: TE = 51%
Ni-29.0Cr-10.5Fe-0.02C- 1096°C/~1 min, WQ +
A”\‘/’\)’Pﬁa%ﬁ WP215121’ C1:R2'?M T““be 0.3Mn-0.35Si-0.47Ti- 716-722°C/10.2 h, Air cool
(1.2" wall) 0.01Nb-0.001S-0.003P | YS/UTS = 39/92 ksi: TE = 50%
Ni-29.3Cr-10.3Fe-0.020C- | 1085-1128°C/~1 min, WQ +
A”\‘/’\)’P%a%ﬁ WPZ%% %E’M T”“be 0.32Mn-0.28Si-0.14Al- 716-729°C/10.5 h., Air cool
(1.1 wall) 0.21Ti-0.025N-0.008P YS/UTS = 39/92 ksi: TE = 51%
Ni-28.5Cr-10.2Fe-0.021C- | 1065-1120°C/~1 min, WQ +
A”‘F’QVE?)Q;%TT RE201746é C;Fﬂ[,?'\v’i T”“be 0.4Mn-0.35Si-0.23A1-0.26Ti- |  705-710°C/5.8 h, Air cool
(1.1" wall) 0.022N-0.009P, <0.001S | YS/UTS = 39/92 ksi: TE = 52%
Ni-29.2Cr-10.1Fe-0.023C- 1115°C/~1 min. WQ +
A"EVEE;%%TT RE2116795’ %ROE,?M T””be 0.3Mn-0.30Si-0.17A1-0.22Ti- |  715-723°C/10.5 h, Air cool
(1.0° wall) 0.026N-0.009P, <0.001S | YS/UTS = 41/95 ksi: TE = 52%
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Figure 4.1 Four of the thick-wall alloy 690 CRDM tubes from Valinox at PNNL.

Microstructure examples for several of the heats are shown in Figures 4.2 and 4.3. Typical
average grain sizes are somewhat large at ~100 um in diameter. Grain boundary precipitation
can be seen in the etched samples, but higher resolution examinations by SEM were required to
better estimate precipitate morphologies and distributions. The three heats (RE243, WP140 and
WP142) selected for initial crack-growth testing were examined in more detail with most work
performed on heat RE243. This particular heat was chosen because of the larger wall thickness
for tube 2360 enabling flexibility for subsequent processing (i.e., cold rolling). Tests on the other
three CRDM heats (WP016, REQ76, and RE169) may be performed in the future and described
in subsequent reports.
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Figure 4.2  Optical metallographs showing grain structures for alloy 690 heat RE243 in
the transverse (left), longitudinal (middle), and circumferential (right)
orientations.

Figure 4.3  Optical metallographs showing grain structures for alloy 690 heats WP016
(left), WP140 (middle), and RE169 (right).
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Scanning electron microscopy (SEM), both in secondary and backscatter modes, was
performed to investigate the distribution of second phases in the CRDM alloy 690TT material
microstructures. Using low kV imaging, image analysis is concentrated within the first 50 nm of
the surface thereby providing high surface sensitivity and better resolution of small precipitates.

As expected for a material in the TT condition (final heat treatment at ~720°C for 10.5 h), the
M,3Cs carbide distribution along high-energy, random grain boundaries was very high (<50 nm
spacing). Carbides were present primarily as semi-continuous discrete precipitates (Figure 4.4),
but many boundary regions show cellular or discontinuous carbide morphologies (Figure 4.5).
Grain boundary migration has clearly occurred during the discontinuous precipitation process
and results in the boundary locally bulged into the matrix ahead of the carbides. These Cr
carbide precipitation characteristics are consistent with that documented by Angeliu and Was
[Ref. 9] during isothermal heat treatment of alloy 690.

The discrete M,3Cs ranged in size from about 100 to 200 nm with variable shapes ranging from
equiaxed to slightly elongated. The elemental distributions of the M,3C¢ carbides are illustrated
in Figure 4.6. These elemental maps, obtained using energy dispersive x-ray spectroscopy
(EDS), were collected in the FEG-SEM on thin foil transmission electron microscopy (TEM)
samples and show the carbides as highly Cr rich, and in most cases, the grain boundary region
(or surrounding matrix in the case of the cellular carbides) is depleted in Cr. The extent of Cr
depletion is highly variable in regions of cellular carbide precipitation, but is much more
consistent along grain boundaries with discrete particles. Limited TEM analyses have shown a
relatively broad Cr depletion profile with that the grain boundary Cr concentration (measured
between M,3C;s carbides) decreasing by 6 to 9 wt% balanced by an increase in Ni concentration.
The depletion profile is affected by the adjacent carbide morphology and spacing, but the total
width appears to be on the order of 300 to 400 nm. A typical analysis on the RE243 alloy
690TT material is presented in Figure 4.7.

In addition to the Cr carbides, Ti-rich precipitates were found along grain boundaries in the alloy
690TT materials as identified in Figures 4.4(a) and (d). TEM analyses indicated that most of
these 1G particles were Ti nitrides. The TiN precipitates at grain boundaries were slightly larger
in size, but much fewer in number than the M,3Cs. Somewhat larger TG TiN or carbonitride
particles reaching ~1 pym in size were seen (Figure 4.5a) randomly distributed in the matrix.

Examples were shown here from examinations on the heat RE243 material and these are
believed to be representative of the other CRDM heats. In general, all of the as-received Valinox
alloy 690TT tubing materials have similar grain sizes and extensive grain boundary carbide
precipitation. However, more detailed characterizations are needed to establish and effectively
compare heat-to-heat microstructures.

In order to assess the possible influence of alloy 690 microstructure on SCC susceptibility, heat
treatments were performed on the RE243 material. The first microstructural variable of interest
was the grain boundary carbide distribution, since it is known to be a factor in the IGSCC
behavior of alloy 600 in PWR primary water environments. An attempt to modify the carbide
distribution without altering the grain size was made through heat treatments at 1050, 1100 and
1150°C followed by water quenching. Grain growth was observed after a short time anneal at
1150°C, but not after anneals up to 1 h at the lower temperatures. As a result, the decision was
made to anneal the as-received alloy 690TT material at 1100°C for 1 h and water quench to
produce a carbide-modified (CM) alloy 690 microstructural condition.
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Figure 4.4 SEM micrographs (SE and backscatter) showing general carbide
microstructure of the as received CRDM alloy 690TT heat RE243 material.



Cellular A
M.3Cs Ti |:|ch
particle

X

" Cellular
M23C6

« <— Cellular

_—

Figure 4.5  SEM micrographs (SE and backscatter) showing cellular carbide structure
observed in the as received CRDM alloy 690TT heat RE243 material.

SEM examinations confirmed that the 1100°C anneal removed most Cr carbide precipitates
from the microstructure. Very few M,3C¢ carbides could be found during characterizations on the
CRDM alloy 690CM materials as illustrated in Figures 4.8 and 4.9. In fact, nearly all grain
boundaries show only well-spaced TiN particles and no carbide precipitates. Low magnification
micrographs (Figure 4.8) identify larger TG Ti-rich particles as well as smaller IG TiN
precipitates. Figure 4.9 reveals that the morphology of these IG Ti-rich particles is often plate-
like reaching sized ~100 nm thick and 500-800 nm long. This suggests that the TiN precipitates
have grown in size as a result of the 1100°C heat treatment. Their spacing remains similar
ranging from micrometers apart to tens of micrometers apart (Figure 4.9). Elemental EDS
mapping (Figure 4.10) demonstrates the general distribution of these Ti-rich particles and the
lack of Cr-rich M23Cs precipitates in the alloy 690CM material. Because the high-temperature
solution anneal has removed IG Cr carbides, there is no significant composition gradient (e.g.,
Cr depletion) at grain boundaries. Hardness measurements were also obtained for the RE243
alloy 690TT and alloy 690CM materials and indicated slightly lower values for the solution-
annealed CM material of ~165 kg/mm? compared to ~175 kg/mm? for the as-received TT
material.
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Figure 4.6  STEM/EDS elemental maps showing chemical distributions in various
carbide structures in as-received CR CRDM alloy 690TT heat RE243.
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Measurement of Cr depletion profile across high-energy grain boundary in
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Figure 4.8 SEM backscatter low magnification images of CRDM alloy 690CM heat
RE243 material demonstrating lack of carbides on grain boundaries.
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Figure 4.9  SEM backscatter high magnification images of CRDM alloy 690CM heat
RE243 material showing absence of M23Cgs and a very low density of TiN on
grain boundaries.
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Figure 410 SEM elemental maps illustrating the low density of Ti-rich precipitates and
lack of M3Cg carbides in the CRDM alloy 690CM heat RE243 material.

The characterization results on the as-received alloy 690TT and solution-annealed alloy 690CM
CRDM materials are summarized in Table 4.2. The alloy 690CM material can be seen to have a
similar grain size, Ti-rich particle distribution and hardness as for the as-received alloy 690TT
material. The most significant differences are the removal of the semi-continuous Cr-rich M,3Csg
precipitation on grain boundaries and the Cr-depleted region in the adjacent matrix. In addition,
the dissolution of the carbides at 1100°C will put some carbon back into solution. The solution-
annealed CM material represents a first step in assessing material microstructural variability and
enables the influence of IG carbide precipitation on SCC response to be investigated on the
same heat of alloy 690 by comparisons to the as-received TT material. Crack-growth rate
results for these materials in various cold-rolled conditions will be presented later in this
Chapter.

Table 4.2  Microstructure, microchemistry and hardness for CRDM alloy 690 (heat
RE243).

Sample Microstructure GB Microchemistry Hardness

(0O-TT) PNNL Semi-continuous (small Cr depletion to 21-24 wt%
CRDM alloy discrete + cellular) carbides on at GBs between carbides
690TT; Test GBs, occasional TiN at GBs along with Ni enrichment,

sample CT014 | and in matrix; equiaxed grains total width of 300-400 nm

175 kg/mm?

(0 - CM) PNNL | Few carbides and well-spaced
CRDM alloy TiN on GBs, occasional TiN in
690CM; Test matrix, slightly elongated

sample CT015 grains

No measured enrichment or
depletion of alloying or 165 kg/mm?
impurity elements at GBs




4.2 As-Received Alloy 690TT and Solution-Annealed Alloy 690CM Materials

When SCC tests were initiated at PNNL in 2007 on alloy 690 materials, limited crack-growth-
rate data on cold-worked alloy 690 had been reported but essentially there were no results on
alloy 690 without cold work. Many tests had been performed and the final result characterized
as showing “no SCC.” It is important to note that most of these experiments were on statically
loaded samples and represented a combined initiation and propagation test. However, cracking
was not observed even on specimens loaded to high K levels and some with fatigue precracks.
The approach at PNNL was to evaluate several alloy 690TT CRDM tubing heats in the as-
received condition along with one heat (RE243) heat treated to modify the |G carbide density.
These materials and conditions were described in the previous section.

Three as-received alloy 690 CRDM specimens were tested, one each from RE243, WP140, and
WP142 heats. In the first test, and specimen of as-received TT material was paired with a
specimen of CM material, both from heat RE243. An overall plot of the crack growth for the
heat RE243 specimens is shown in Figure 4.11 and the step-by-step test history is summarized
in Table 4.3. Very similar behavior can be seen for the TT and CM specimens over the year-
long experiment. The first transitioning sequence spent a very long time under “gentle” cycle +
hold conditions before going to constant K as shown in Figure 4.12. It was hoped that IGSCC
would be promoted during these conditions; however crack growth rates decreased with time for
both the 2.5 and 24 h hold conditions indicating a lack of engagement. Although there was no
clear indication of environment-enhanced crack growth, constant K was established at ~5200 h
and extremely small crack extensions (1-2 ym) were measured by DCPD over the next 1000 h.
Since this extension does not represent a meaningful propagation distance, the crack growth
rates are simply assumed to be <5x10™'° mm/s. The crack fronts were then moved forward into
different microstructural regions by cycling and a second transitioning sequence was initiated.

CT014 & CTO015, 0.5TCT Alloy 690 Valinox, Heat RE243, pipe 2360, sample 1 & 2
325°C, 30-40 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,
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Figure 4.11 Overall crack-growth response of heat RE243 alloy 690TT and CM
specimens (CT014 & CT015) in simulated PWR primary water at 325°C.



Table 4.3  Uncorrected data summary for alloy 690 CRDM specimens CT014 & CT015.
CT014 CT015
Alloy 690TT Alloy 690CM
Dur- Water Crack Crack
Test ation Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension
Phase (h) R Freq(Hz) (h) Conditions (°C) |(MPaVym) (mm/sec) (mm) |(MPavym) (mm/sec) (mm)
1 35 03 3 0 air RT 25 0.50 25 0.50
2 1.5 0.5 3 0 air RT 28 0.30 28 0.30
3 20 0.6 3 0 air RT 30 0.30 30 0.30
4 12.0 0.7 3 0 air RT 30 0.30 30 0.30
5 455 0.7 0.1 0 29cclkgH, 325 30 5.1E-07 0.813 30 5.1E-07 0.816
6 450 0.7 0.01 0 29cc/kgH, 325 30 8.6E-08 0.150 30 1.0E-07  0.160
7 600 0.7 0.001 0 29cc/kgH, 325 30 1.4E-08 0.035 30 1.6E-08  0.039
8 1500 0.7 0.001 25 29cckgH, 325 30 2.6E-09 0.002 30 2.1E-09  0.002
9 2000 0.7 0.001 24 29cclkgH, 325 30 ~6E-10  0.005 30 ~5E-10  0.004
10 1400 const K 29 cclkg H, 325 30 <5E-10 0.0015 30 <5E-10  0.001
11 325 0.7 0.01 29 cclkg H, 325 30 8.6E-08  0.009 30 1.0E-07 0.011
12 325 0.7 0.001 29 cclkg H, 325 30 1.4E-08 0.002 30 1.6E-08  0.002
13 375 0.7 0.001 25 29cckgH, 325 30 4.0E-09  0.005 30 4.0E-09  0.005
14 475 0.7 0.001 25 29cckgH, 325 40 3.5E-09  0.005 40 1.8E-09  0.003
15 675 const K 29 cclkg H, 325 40 <5E-10 ~0 40 <5E-10  0.0015
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Figure 4.12 Response for heat RE243 alloy 690TT and CM specimens (CT014 &
CTO015) during transitioning to constant K in simulated PWR primary water at
325°C.

Crack-growth response was nearly identical during cycle + hold conditions to that in the first
sequence, and it was decided to increase the K level to 40 MPavm under gentle cycling at
0.001 Hz. As noted in Figure 4.11, a large jump in crack length was observed likely due to the
breaking of ligaments in the wake of the crack front. No discernable increase in constant K,
crack-growth rates were found at 40 MPavm and rates were estimated to be <5x107'° mm/s.

The high-temperature portion of the test was ended and the temperature was decreased to first
100°C and then to 50°C. No indication of crack extension was detected under constant K, so
cyclic loading was applied as documented in Figure 4.13. The crack growth rates at 50°C were
similar to that observed during testing at 325°C, however somewhat higher rates were noted for
the TT specimen.
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Figure 4.13 Crack-growth response of heat RE243 alloy 690TT and CM specimens
(CT014 & CT015) during testing in simulated PWR primary water at 50°C.

Post-test examination of the 325°C crack-growth surfaces revealed predominately TG features
for both the TT and CM specimens as illustrated in Figure 4.14. Only a few isolated |G facets
could be identified near final high-temperature crack front and were most likely produced during
the cycle + hold and constant K steps at 1500-6500 h. More significant IG cracking was found in
the 50°C crack-growth surface for the TT specimen (Figure 4.14a), while the CM specimen
remained TG (Figure 4.14b). The higher fraction of IG cracking (~15%) in the TT material was
consistent with the higher propagation rates measured during cycling at 50°C. Grain boundary
carbides may help promote hydrogen-induced |G cracking during dynamic straining at this low
temperature [Refs. 10,11].



Figure 4.14 SEM image showing |G cracking for the RE243 alloy 690 TT specimen
during testing at 50°C (a) and primarily TG cracking for the RE243 alloy
690CM specimen (b) although isolated |G facets are identified.

Heat-to-heat response was evaluated in the next test on alloy 690 CRDM heats WP140 and
WP142 both in the as-received, TT condition. Once again, the test was conducted under
simulated PWR primary water but at a slightly higher temperature of 350°C. Four transitioning
sequences were performed to improve SCC engagement as shown in the overview of the entire
test in Table 4.4 and Figure 4.15. The first three transitioning attempts done at 350°C resulted in
very low constant K crack-growth rates. Although these may be slightly higher than seen for the
alloy 690 heat RE243 specimens, they remain below 1x10™° mm/s. For each attempt, somewhat
different cycling and periodic unloading parameters were used during transitioning to constant K
conditions. An example of the low-growth rates at constant K is presented in Figure 4.16 where
DCPD-measured crack extension is only ~1.5 um over a period of 600 h.



Table 4.4  Uncorrected data summary for alloy 690 CRDM specimens CT026 & CT027.

CT026 CT027
Alloy 690TT WP142 Alloy 690TT WP140
Water Crack Crack
Test Duration Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension

Phase (h) R Freq(Hz) (h) Conditions (°C) [(MPaym) (mm/sec) (mm) |(MPavym) (mm/sec) (mm)

1 ~6 0.3 3 0 air RT 25 4.1E-05 0.54 25 5.0E-05 0.63

~3 05 3 0 air RT 28 3.4E-05 0.43 28 3.6E-05 0.41

3 ~3 06 3 0 air RT 30 2.4E-05 0.28 30 2.6E-05 0.28

4 ~7 07 3 0 air RT 30 1.2E-05 0.29 30 1.1E-05 0.29
5 19 05 0.1 0 29ccikgH, 325 30 2.6E-06 0.202 30 2.2E-06 0.183
6 124 05 0.01 0 29ccikgH, 325 30 4 4E-07 0.195 30 4 5E-07 0.191
7 169 0.5 0.001 0 29cc/kgH, 325 30 8.1E-08  0.053 30 8.2E-08 0.054
8 163 0.5 0.001 0 29cc/kgH, 350 30 9.0E-08 0.056 30 9.5E-08 0.064
9 555 0.5 0.001 2.5 29cclkgH, 350 30 1.0E-08  0.020 30 1.0E-08 0.014
10 196 0.5 0.001 1 29cc/kgH, 350 30 1.9E-08 0.011 30 1.9E-08 0.012
11 429 05 0.04 12.5 29 cc/kgH, 350 30 5.0E-09  0.009 30 5.1E-09  0.008
12 763 - --- --- 29cc/kgH, 350 30 <5E-10 ~0 30 ~7E-10  0.001
13 123 06 0.01 0 29cc/kgH, 350 30 2.8E-07 0.102 30 2.8E-07 0.104
14 193 0.6 0.001 0 29cc/kgH, 350 30 4 3E-08 0.037 30 4.7E-08 0.033
15 432 0.6 0.001 2.5 29cclkgH, 350 30 8.3E-09 0.010 30 8.3E-09  0.009
16 342 - constK  --—- 29cc/kgH, 350 30 <5E-10  0.000 30 ~9E-10  0.001
17 107 0.5 80s/20s 0 29cc/kgH, 350 30 5.4E-07 0.202 30 5.4E-07 0.213
18 61 0.5 980s/20s 0 29cc/kgH, 350 30 8.6E-08 0.024 30 8.6E-08  0.022
19 475 0.5 0.001 9000 29cc/kgH, 350 30 1.9E-08 0.017 30 2.0E-08 0.020
20 717 - constK  --- 29cc/kgH, 350 30 ~9E-10  0.001 30 ~6E-10  0.0015
21 531 -- constK --—- 20cc/kgH, 350 30 <5E-10 ~0 30 ~6E-10  0.001
22 50 05 0.01 0 20ccikgH, 50 30 1.9E-08 0.005 30 2.4E-08 0.006
23 45 05 0.1 0 20cc/kgH, 50 30 2.1E-06  0.204 30 1.8E-06 0.210
24 86 05 0.01 0 20ccikgH, 50 30 29E-07 0.094 30 2.4E-07 0.075
25 478 0.5 0.001 0 20cc/kgH, 50 30 3.5E-08 0.050 30 1.9E-08 0.049
26 705 - constK  --- 20cc/kgH, 350 30 3.4E-09 0.034 30 3.4E-09 0.040
27 92 0.5 0.001 2.5 20cckgH, 350 30 1.9E-08 0.038 30 2.4E-08 0.037
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Crack transitioning at 50°C was used in the last attempt to generate an IG crack front. Based on
the IG cracking produced during 50°C cycling in the previous test on the TT material, it was
decided to use this approach to generate a more |G crack front for subsequent SCC evaluation
at 350°C. Cycling was performed at 50°C over a period of ~650 h using an R value of 0.5 with a
progressive reduction in frequency to 0.001 Hz for the final step. Loading was then changed to
constant K and the temperature increased back to 350°C. The specimen was allowed to sit for
~24 h at 350°C before resuming DCPD crack length measurements. Initial crack-growth rates
exceeded 1x10® mm/s as shown in Figure 4.17, but slowly decreased to ~3x10™° mm/s over the
next 500 h. A variety of reasons for the slowly dropping rate were considered, and among the
possibilities was that ligaments or bridges were being left in the wake of the advancing crack.
To explore this possibility, a periodic unload every 2.5 h was added at 6750 h. An immediate
~30 ym increase in DCPD-measured crack length was observed at the onset of cycling followed
by rates stabilizing at ~2x10® mm/s during this cycle + hold loading (similar to that recorded
earlier in the test). At this point it was decided to end the test, and examine the crack-growth
surfaces for evidence of IGSCC.

After air fatigue fracturing the specimens, the specimens were heat tinted at 600°C and
ultrasonically cleaned. The resulting tinted crack-growth surface of the WP140 specimen is
shown in Figure 4.18. Five regions were identified through surface tint and transition lines on the
surface, and then matched to DCPD measurements of crack length. Starting from the crack
notch, the first region with the darkest blue tint is the air fatigue pre-cracking surface. The next
three regions are crack growth during gentle cycling and constant K conditions at 350°C. The
final region with a mix of blue and gold tint represents ~0.5 mm of growth at 50 and 350°C.

CT026 & CT027 CGR, 0.5T CT Alloy 690 Valinox, WP140, Pipe 2502 & WP142, Pipe 2541
350°C, 30 MPavVm, 1000 ppm B, 2.0 ppm Li, 20 cc/kg H,
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Figure 4.17 Crack-growth response of alloy 690TT heats WP140 and WP142 (CT026 &
CTO027) after crack extension during cycling at 50°C.
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Figure 4.18 Optical image of the crack-growth surface of the alloy 690TT CRDM heat
WP140 specimen. Color variation is heat tint due to baking the specimen at
600°C after fatigue fracture in air. The heat tint and transition lines enables
the identification of five separate regions on the crack-growth surface, these
are discussed in the text.

SEM of the crack growth surface (Figure 4.19) revealed nearly 100% TG crack growth
everywhere except for the final 50/350°C region where ~50% of the surface is IG. At the time, it
was not clear what portion of this region represents constant K IGSCC propagation at 350°C.
Neither optical nor SEM observations show the presence of a final band that might be expected
based on the ~90 um extension on the crack growth plot. The high initial crack growth rate at
this last step at 350°C suggested that this initial response may have been due to oxide
formation in cracks influencing the DCPD measurement [Ref. 6]. The hydrogen concentration of
20 cc/kg produces an electrochemical potential well into the region of Ni metal stability at 50°C,
while it is near the Ni/NiO stability line at 350°C. Subsequent SCC experiments on alloy 52 weld
metals (described in Chapter 3) confirmed that the initial DCPD changes at 350°C were driven
by oxidation in the cracks formed at 50°C and low propagation rates were quickly established
after increasing the temperature to 350°C. Therefore, it is believed that very little SCC crack
growth occurred for the alloy 690 CRDM materials during this final step at 350°C and actual
propagation rates may have been similar to that measured earlier in the test. This result
supports the excellent SCC resistance for the as-received alloy 690 CRDM materials in high-
temperature PWR primary water. Even when a high degree of IG engagement is produced at
low temperatures, grain boundaries do not appear to be a highly susceptible path for SCC under
more prototypic PWR conditions.



Figure 4.19 Portion of the crack-growth surface of the heat WP140 alloy 690TT
specimen. Crack growth in the area between the lines took place during
50°C and the subsequent 350°C phases of the crack growth rate test.

4.3 Cold-Rolled Alloy 690 CRDM Materials

The as-received alloy 690TT and the solution-annealed alloy 690CM materials from heat RE243
were unidirectionally cold rolled (CR) at room temperature. Three different reductions have
been produced for the TT and CM starting materials: (1) 17% reduction in 2 passes SCC tested
in the S-L orientation: (2) 30% reduction in 6 passes tested in the T-L orientation and (3) 31%
reduction in 3 passes being tested in the S-L orientation. Because of the tubing wall thickness,
the maximum reduction possible for an S-L oriented specimen using rolling equipment at PNNL
was 17%. As a result, the 30% CR material rolled at PNNL was SCC tested in the less-
susceptible T-L orientation. Subsequent interactions with General Electric Global Research
(GEG) made it possible to achieve higher reduction levels and a 31% CR material was
produced for testing in the S-L orientation. A diagram illustrating the CT specimen test
orientations with respect to the rolling direction is presented in Figure 4.20.

Hardness measurements were taken across the alloy 690 CT samples after different levels of
cold rolling. Data was obtained from both the back face and a side face from the CTs as shown
in Figure 4.21. A lower hardness was indicated near the midplane for the 17% CR samples, but
uniform hardness was seen across the 30 and 31% CR samples. The alloy 690TT material
showed average midplane hardness values of 175, 250, 300 and 298 kg/mm2 for 0%, 17%,
30% and 31%Cr, respectively. For these same %CR conditions, the alloy 690CM exhibited
similar hardness values of 165, 235, 290 and 290 kg/mmz. Consistent with the higher directional
damage, grains were noticeably elongated along the rolling plane in the 30 and 31% CR
materials but no obvious change was identified for the 17% CR materials.
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Figure 4.20 Diagram illustrating the CT sample orientation relation to the rolling direction.
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Figure 4.21 Hardness measurements on heat RE243 alloy 690 CT specimens as a
function of unidirectional cold rolling. Measurements are made on two
difference faces from the CT specimens for both the alloy 690TT and
690CM materials.
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Characterizations of CR-Induced Microstructural Damage in the Alloy 690 CRDM Materials

As employed for the microstructural characterizations on the starting CRDM materials, SEM
(secondary and backscatter electron), TEM and EDS elemental composition maps were utilized
to examine the various types of CR-induced damage. SEM was used to obtain a global
perspective of the damage throughout the sample, whereas TEM and EDS mapping provided a
more detailed, localized examination. It should be noted that in SEM the identification of a void
versus a crack was often challenging in the TT samples due to their high IG carbide distribution.
A void between two overlapping carbides may easily appear as a crack. In addition, TiN
particles have a very low backscatter yield as compared to the remainder of the alloy and their
contrast can be difficult to separate from that for a void. SEM secondary and backscatter image
pairs were collected in many cases to help discriminate between TiN particles and voids.

The 17%CR CRDM alloy 690TT and CM materials showed significant strain contrast in SEM
images and limited TEM exams documented the expected high dislocation densities. There is
evidence that deformation is localized at grain boundaries particularly for the TT materials with a
semi-continuous distribution of small carbides. Isolated voids and cracked carbides were
observed in the 17%CR alloy 690TT material as illustrated in Figures 4.22 and 4.23. SEM
exams indicated that the most common permanent damage in this material was small, well-
spaced voids. Only a few cracked carbides were found, however a TEM sample prepared via
focused ion beam (FIB) milling (Figure 4.23) revealed two cracks as well as a void along a
carbided grain boundary in less than a 2-uym region. It can be difficult to discriminate between
the formation of a crack or void in the scanning TEM image, but examination of the Cr-K
elemental map shows that the cracks disrupt two continuous carbides. A secondary point of
note in the Cr elemental map is the overlap of two carbides in this section. Because TEM
samples have a finite thickness, overlap of carbides on the grain boundaries is expected.
Unfortunately, this brings into question as to whether observations on overlapping, faceted
carbides signify a crack or a void. Often in SEM and TEM images, there are high contrast
objects between carbides that appear angled, and thus complicating the identification. The
easiest determination of void formation is seen by its shape and relationship to adjacent
carbides in both Figure 4.22 and 4.23. While there were observations of permanent damage in
17%CR alloy 690TT material, no voids or cracked TiN particles were detected in the 17%CR
alloy 690CM material.
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Figure 4.22 SEM backscatter micrograph illustrating representative image of M3Cg
damage microstructure in 17%CR CRDM alloy 690TT material (heat
RE243).
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Figure 4.23 TEM image and elemental maps showing damage in 17%CR CRDM alloy
690TT.
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The 30%CR CRDM alloy 690TT again showed an extremely high dislocation density and much
larger amount of localized permanent damage at grain boundaries as compared to the 17%CR
alloy 690TT material. SEM analyses identified a large number of voids in both cellular carbide
(Figure 4.24) and discrete carbide (Figures 4.25 and 4.26) regions. Cellular carbide regions
typically exhibited an array of various sized voids adjacent to M,3Ce interfaces within the
boundary migrated area. A much lower density of cracked carbides than voids were present in
these structures. More importantly, there also appeared to be more voids than cracked carbides
along boundaries with discrete M,;Cg particles. As previously discussed, differentiating between
the sporadic TiN particles, cracked carbides, and voids can be difficult. Examples of highly
damaged grain boundary regions are presented in Figure 4.25 and a high density of local “dark”
features can be seen resulting from low backscatter electron yield. After careful examination
(often comparing BSE and SE images), it was determined that most of the small (<75 nm)
equiaxed and the elongated features (formed at the interfaces of faceted carbides) were voids.
These elongated cavities appear to abruptly change in shape as the void grows between
faceted carbides as seen in Figures 4.24, 4.25(b) and 4.25(c).

Figure 4.24 Low magnification SEM backscatter image showing CR-induced void
formation within a cellular carbide microstructure region in the 30%CR
CRDM alloy 690TT material (heat RE243). The strain contrast in this
backscatter image masks the appearance of the My3C¢ carbides, but the
voids between carbides are readily apparent.
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Figure 4.25 High magnification SEM backscatter micrographs illustrating IG carbide
damage microstructures in 30%CR CRDM alloy 690TT (heat RE243).

The higher density of small voids at grain boundaries in the 30%CR alloy 690TT material makes
it even more important to identify them versus the TiN particles. In most cases, this required
both backscatter and secondary electron imaging. Figure 4.26 shows three SEM
secondary/backscatter pairs (a-b, c-d, e-f), which assist in determining the differences at higher
maghnifications. Utilizing the high-resolution capabilities of the JEOL 7600 field emission SEM,
collection of data on the length scales in TEM images (e.g., Figure 4.23) has been possible.
SEM pair images are taken because of the different information gathered from each. Secondary
electron (SE) contrast in Figures 4.26(a), (c) and (d) very easily distinguishes between voids,
cracks and TiN particles. The increased surface area around a void or crack provides a higher
secondary yield, whereas the TiN particles do not have this contrast. Figure 4.26(a) highlights
this perfectly, as a void and a TiN particle appear close together in the middle of the micrograph.
At a certain point though, SE contrast is not as useful for imaging cracks versus voids as
backscatter contrast illustrated in Figures 4.26(a) and (b). In the upper right hand corner, the
M,3Cs carbide appears to be continuous but in the SE image the slight crack is tight enough that
the additional surface area does not provide extra contrast. The complimentary backscatter
contrast in Figure 4.26(b) identifies that this is indeed a crack. Similar comparisons can be seen
in the remaining image pairs in Figures 4.26(c), (d) and (e).

4-25



N

Voids \
TiN

400inm)

‘} Voids

Crack —p

A00inm
]

Figure 4.26 High magnification SEM backscatter/SE pair micrographs showing carbide
damage microstructures in 30%CR CRDM alloy 690TT (heat RE243).

General conclusions can be made about the CR-induced damage microstructure from SEM and
limited TEM examinations on 30%CR alloy 690TT material. Most grain boundaries in the TT
material have a semi-continuous distribution of discrete carbides and these boundaries will have
the controlling influence on IGSCC behavior. A significant difference in the permanent damage
distributions is seen between the cellular and discrete carbide regions although both show a
moderate density of small voids and a limited number of cracked carbides. The primary CR-
induced damage is the presence of small voids at IG carbide interfaces with a typical void
spacing along the boundary of ~1-2 um. Along with this permanent damage, cold rolling also
produces high dislocation densities and localized strains at the boundaries (see Section 5.2).
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The 30%CR alloy 690CM material exhibited quite different permanent damage characteristics
apparently due the lack of M23Cs carbides at grain boundaries (as described in an earlier
section). This material did not exhibit cracked carbides, since the only IG precipitates were well-
spaced TiN particles. Some of these Ti-rich particles were cracked in the 30%CR material both
along grain boundaries and in the matrix as illustrated in Figure 4.27. Voids were not found in
the cross-sections examined except for an isolated example at a grain boundary triple point.
Therefore, the degree damage was significantly less for the CM versus the TT materials after
cold rolling. Limited TEM examinations have documented extremely high dislocation densities in
the 30%CR alloy 690CM material similar to that observed in the 30%CR alloy 690TT material
and evidence for localized deformation associated with the TiN particles.

A brief summary of characterization results for the heat RE243, alloy 690TT and CM materials
as a function of the degree of cold rolling is presented in Table 4.5. Grain boundary precipitate
distributions and associated matrix compositions do not change with cold rolling for the two
different starting conditions, but the amount of damage microstructure increases.

.
A

Cracks

] [l
 — .

Figure 4.27 SEM backscatter micrographs illustrating general TiN damage
microstructure in 30%CR CRDM alloy 690CM (heat RE243).
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Table 4.5  Microstructure, CR damage and hardness for heat RE243 alloy 690

materials.
Sample Microstructure CR Damage Hardness
(0-TT) PNNL Semi-continuous (small discrete No voids and cracked
CRDM alloy + cellular) carbides on GBs, carbides on GBs. nor 175 ka/mm?
690TT; Test occasional TiN at GBs and in ST 9
. ) . cracked TiN in matrix
sample CT014 matrix; equiaxed grains
(0 - CM) PNNL Few carbides and well-spaced No voids and cracked
CRDM alloy ) : N . 2
690CM: Test TiN on GBs, occasional TiN in particles on GBs, nor 165 kg/mm
sample CT015 matrix; equiaxed grains cracked TiN in matrix
CF§[13|;/IT-II—I) Pl\ég“(;TT Low density of voids
alloy d cracked carbides 2
As for CT014 (0 —TT) above and cracke 250 kg/mm
17%CR,; Test ( ) on GBs, few cracked J
sample CT019 TiN in matrix
(1 - CM) PNNL
CRDM alloy No voids and cracked
690CM 17%CR,; As for CT015 (0 —CM) above particles on GBs, nor 235 kg/mm?
Test sample cracked TiN in matrix
CT020
(2 -TT) PNNL Moderate density of
CRDM alloy 690TT As for CT014 (0 —TT) above + voids and some 300 ka/mm?
30%CR; Test slightly elongated grains cracked carbides on 9
sample CT022 GBs & TiN in matrix
(ZC-R%'\I/\I/? ;:\g;“‘ Low density of cracked
690CM 30%CR: As fo_r CT015 (0 -CM) apove + TIN on GBs and_m 290 kg/mm?
slightly elongated grains matrix, isolated void at
Test sample triple bt
CT023 pie pt.

Crack-Growth Results for 17%CR Alloy 690 CRDM Materials

An overview of results for the 17%CR alloy 690TT and CM materials tested in the S-L
orientation is presented in Table 4.6 and Figure 4.28. Four measurements of constant K crack
growth rate in 325°C PWR primary water were made, and propagation rates were consistently
at or below 1x10° mm/s. A higher resolution crack growth plot showing this steady, but
extremely slow propagation at constant K is shown in Figure 4.29. Several attempts were made
to promote higher growth rates using different transitioning steps modifying cycling and hold
time conditions, but all resulted in similar growth rates under PWR primary water conditions. In
an attempt to promote SCC and improve |G engagement, H, injection was stopped and
replaced with 2400 ppb O, plus 45 ppb sulfate. While the oxidizing environment did increase
propagation rates by ~3X, they remained very low under constant K loading (<2x10®° mm/s).
PWR primary water conditions were re-established for the final part of the test and K was slowly
increased to 40 MPaVm via a dK/da technique. DCPD-measured crack length showed that the
higher K promoted slightly increased growth rates during cycle + hold loading, but did not
appear to promote SCC at constant K. In comparing the overall response of the two material
conditions, the CM specimen exhibited slightly higher growth rates during cycling than the TT
specimen but both 17%CR specimens showed similar low growth rates at constant K.
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Table 4.6  Uncorrected data summary for alloy 690 CRDM specimens CT019 & CT020.

CTO019 CT020
Alloy 690CM+17% CR S-L Alloy 690TT+17% CR S-L
Dur- Water Crack Crack
Test ation Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension
Phase (h) R Freq (Hz) (h) Conditions (°C) [(MPaVym) (mm/sec) (mm) [(MPaym) (mm/sec) (mm)
1 35 03 3 0 air RT 25 0.50 25 0.50
2 15 05 3 0 air RT 28 0.30 28 0.30
3 20 06 3 0 air RT 30 0.30 30 0.30
4 12.0 0.7 3 0 air RT 30 0.30 30 0.30
5 134 0.7 0.1 0 29ccikgH, 325 30 6.3E-07 0.288 30 5.8E-07 0.238
6 341 0.7 0.01 0 29cclkgH, 325 30 1.7E-07  0.199 30 9.9E-08 0.117
7 711 0.7 0.001 0 29cc/kgH, 325 30 1.9E-08 0.059 30 1.5E-08 0.042
8 224 0.7 0.001 25 29cckgH, 325 30 3.1E-09  0.002 30 2.6E-09 0.002
9 107 0.6 0.001 25 29cckgH, 325 30 8.6E-09  0.003 30 49E-09 0.002
10 91 0.6 0.001 0 29cclkgH, 325 30 4 5E-08 0.014 30 3.5E-08 0.013
11 166 0.5 0.001 25 29cckgH, 325 30 9.8E-08 0.064 30 8.7E-08  0.046
12 275 0.7 0.001 25 29cclkgH, 325 30 5.1E-09  0.004 30 3.4E-09 0.003
13 380 1 constK - 29cckgH, 325 30 <5E-10  0.0003 30 <5E-10  0.0006
14 90 0.5 0.1 0 29ccikgH, 325 30 2.3E-06 0.185 30 2.0E-06 0.165
15 70 0.5 0.01 0 29cclkgH, 325 30 5.6E-07 0.135 30 4.0E-07 0.101
16 78 0.5 300s/12s 0 29cc/kgH, 325 30 3.2E-07 0.088 30 2.2E-07  0.061
17 306 0.5 600s/12s 0 29cc/kgH, 325 30 21E-07 0.188 30 1.4E-07 0.131
18 187 0.5 1000s/12s 2.5 29cckgH, 325 30 1.3E-07 0.084 30 9.3E-08  0.060
19 263 0.7 1000s/12s 2.5 29cc/kgH, 325 30 5.7E-09  0.006 30 3.0E-09 0.004
20 241 0.7 0.001 25 29cckgH, 325 30 5.3E-09  0.004 30 3.3E-09  0.003
21 338 0.7 0.001 25 24ppmo, 325 30 2.5E-09 0.003 30 4.0E-09 0.019
22 212 0.7 0.001 25 24ppmO0O, 325 30 4 8E-09 0.003 30 5.1E-09  0.004
+ H,S0,
23 667 1 constK -—- 24ppmO, 325 30 5.6E-10 0.0013 30 8.7E-10  0.002
+ H,S0,
24 135 1 constK --- 29cc/kgH, 325 30 <5E-10 ~0 30 <5E-10 ~0
25 156 0.6 0.01 0 29cc/kgH, 325 | 30->40 - 0.246 | 30->40 - 0.144
26 45 05 0.01 0 29cc/kgH, 325 | 30->40 1.1E-06 0.161 30->40 8.1E-07 0.126
27 147 0.7 0.001 25 29cckgH, 325 40 5.1E-08  0.028 40 3.2E-08 0.018
28 102 0.7 0.001 25 29cckgH, 325 40 5.6E-09  0.004 40 8.3E-09  0.002
29 112 1 constK - 29cckgH, 325 40 <5E-10 ~0 40 <5E-10 ~0
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CT019 & CT020 CGR, 0.5T CT Alloy 690 Valinox, Heat RE243, Pipe 2360, 17% CW S-L
325°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,
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Figure 4.28 Overview of crack-growth responses of the 17%CR alloy 690 S-L specimens
(heat RE243) tested at 325°C.

CT019 & CT020 CGR, 0.5T CT Alloy 690 Valinox, Heat RE243, Pipe 2360, 17% CW S-L
325°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,
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Figure 4.29 Crack growth responses of the 17%CR alloy 690 S-L specimens (heat

RE243) during first instance of constant K showing no significant SCC
propagation.
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Post-test optical images of the crack-growth surfaces are shown in Figure 4.30. The greater
amount of crack extension measured by DCPD in the CM specimen is confirmed by these
images showing the CM specimen to have cracked ~0.5 mm further than the TT specimen. For
both specimens, three distinct regions of crack growth after the precracking phase are apparent
with the regions corresponding to the three different phases of the test. The more reflective
surface of the CM specimen suggests the possibility of IG cracking, and this was confirmed by
SEM observations as shown in Figure 4.31(a). These regions have ~15% |G features and
correspond to phases of the test where cycle + hold or constant K loading was performed. The
TT specimen exhibited primary TG cracking with isolated IG facets as shown in Figure 4.31(b).

precrack
X r .p 1= i
g W 4 2 3 R JLRES W P e . & .
(a) (b)
Figure 4.30 Optical image of crack-growth surface of the (a) 17%CR alloy 690CM and
(b) 17%CR alloy 690TT S-L specimens (heat RE243).

AHDy_, 690 CRDM

@) e i 2 3 (b)
Figure 4.31 SEM images of crack-growth surface features in the (a) 17%CR alloy
690CM and (b) 17%CR alloy 690TT S-L specimens (heat RE243).
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It is interesting to note that IG cracking was increased in the 17%CR S-L specimens over the
non-CR specimens, but the amount of |G cracking was still quite low. Several possible reasons
exist for the lack of extensive IGSCC in these 1D CR S-L alloy 690 CRDM materials. One
possibility is that the extruded CRDM tubing microstructures are more resistant to the 1D
damage than other alloy 690 materials that show very high SCC crack growth rates after cold
rolling. It is also possible that there may have been insufficient cold work in the crack-growth
plane to accelerate SCC. Although the total reduction for the CRDM material was 17%, the
hardness was slightly lower in the center of the sample (where propagation occurred). Another
possible reason for lower growth rates was the lower test temperature, and an additional test on
the 17%CR is planned at 360°C.

The first test evaluating higher levels of reduction in these CRDM tubes was done on specimens
in the T-L orientation. An overview of the crack growth response of the 30%CR T-L specimens
is shown in Figure 4.32 and listed in Table 4.7. As with 17%CR S-L specimens, several
transitioning sequences were performed leading to three observations of constant K crack-
growth response. The first instance of constant K at ~1500 h produced propagation rates that
were higher than the 17%CR S-L material, but decreasing with time. After temperature was
raised to 350°C and cycle + hold steps were applied, the TT and CM specimens exhibited
steady crack-growth rates of 1.0x10® and 1.0x10® mm/s, respectively (Figure 4.33). With the
higher observed rate in the TT specimen, the test was allowed to continue at constant K for
1000 h producing a crack extension of ~40 um in the TT specimen. As a final step, K was
increased to 40 MPaVym by dK/da and transitioned back to constant K where a mild
enhancement of SCC was again indicated in the TT specimen.

CT022 & CT023 CGR, 0.5T CT Alloy 690 Valinox, Heat RE243, Pipe 2216, 30% 1D CR T-L
325/350°C, 30 MPayvm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,
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Figure 4.32 Overview of the crack growth responses of the alloy 690TT and CM 30% CR
T-L specimens (heat RE243) tested at 325°C and 350°C.
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Table 4.7  Uncorrected data summary for alloy 690 CRDM specimens CT022 & CT023.

CT022 CT023
Alloy 690TT+30% CR T-L Alloy 690CM+30% CR T-L
Dur- Water Crack Crack
Test ation Hold Chemistry Temp| Kmax CGR Extension| Kmax CGR Extension

Phase (h) R Freq (Hz) (h) Conditions (°C) [(MPaVym) (mm/sec) (mm) |[(MPaym) (mm/sec) (mm)
1 ~3 03 3 0 air RT 25 49E-05 0.550 25 5.7E-05  0.540
2 ~2 05 3 0 air RT 28 3.6E-05 0.428 28 3.8E-05 0.426
3 ~3 06 3 0 air RT 30 2.5E-05 0.300 30 2.8E-05 0.250
4 ~5 07 3 0 air RT 30 1.4E-05 0.281 30 1.3E-05 0.285
5 113 0.7 0.1 0 29cc/kgH2 325 30 4 5E-07 0.176 30 6.0E-07  0.230
6 162 0.7 0.01 0 29ccikgH2 325 30 6.9E-08  0.043 30 1.2E-07 0.066
7 62 0.7 0.001 0 29cc/kgH2 325 30 - 0.008 30 - 0.017
8 96 0.5 0.01 0 29ccikgH2 325 30 2.7E-07  0.092 30 4.7E-07 0.162
9 406 0.5 0.001 0 29cc/kgH2 325 30 5.7E-08  0.034 30 9.1E-08  0.053
10 231 0.5 0.001 2.5 29cclkgH2 325 30 4 4E-09 0.007 30 8.1E-09  0.005
11 97 0.7 0.001 2.5 29cckgH2 325 30 - 0 30 - 0.001
12 95 0.5 480/20 0 29cc/kgH2 325 30 1.0E-07 0.034 30 1.7E-07  0.050
13 130 0.5 980/20 0 29cc/kgH2 325 30 5.6E-08  0.029 30 8.6E-08  0.042
14 117 0.5 0.001 2.5 29cclkgH2 325 30 7.4E-09  0.002 30 1.1E-08  0.004
15 416 - constK  --- 29cckgH2 325 30 <5e-10  0.0018 30 <5e-10  0.0026
16 500 - constK - 29cc/kgH2 350 30 1.2E-09 0.0026 30 5.8E-10 0.0026
17 526 0.5 0.001 2.5 29cclkgH2 350 30 1.2E-08 0.019 30 9.3E-09 0.018
18 890 - constK - 29cc/kgH2 350 30 2.7E-09 0.0068 30 7.8E-10 0.0017
19 517 0.5 0.001 2.5 29cckgH2 350 | 30->40 - 0.048 | 30->40 - 0.027
20 81 0.5 0.001 2.5 29cclkgH2 350 40 3.8E-08 0.012 40 2.4E-08 0.007
21 904 - constK - 29cc/kgH2 350 40 1.4E-09 0.0066 40 9.3E-10  0.0033
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CT022 & CT023 CGR, 0.5T CT Alloy 690 Valinox, Heat RE243, Pipe 2216, 30% 1D CRT-L
350°C, 30 MPavm, 1000 ppm B, 2.0 ppm Li, 29 cc/kg H,
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Figure 4.33 Crack growth responses of the alloy 690TT and CM 30% CR T-L specimens
(heat RE243) during the second assessment of constant K crack growth.

Figure 4.34 presents optical images of the crack-growth surface for the 30% CR T-L specimens.
The three phases of the test are not easily resolved probably due to the shorter amount of crack
extension during transitioning attempts and the less aggressive transitioning steps employed.
The most striking difference between the specimens is that the CM specimen has a relatively
flat crack front across the width, while the TT specimen has an uneven crack front with a large
number of protrusions. SEM images (Figure 4.35) reveal that IG cracking occurred at the crack
front for both specimens with a much higher fraction of IG facets for the TT specimen. For both
materials, nearly all the cracked grain boundaries were oriented approximately parallel to the
rolling plane and would have sustained the most damage from the cold-rolling operation.
Despite the less favorable orientation relative to the crack-growth plane, |G cracking was
promoted on many of these boundaries. The different IG growth between the TT and CM
specimens suggests that the grain boundary carbide density may influence rolling-induced
damage and SCC response. Grain boundary Cr depletion is also different between these
materials, but it is not thought to influence PWSCC susceptibility [Refs. 9, 12, 13].

In order to more effectively evaluate the influence of cold rolling on the SCC behavior of the
CRDM alloy 690 RE243 heat, additional rolling was performed at GEG as described earlier.
Using their equipment, it was possible to achieve a 31%CR condition on the TT and CM
materials and machine 0.5T CT specimens in the S-L orientation. SCC growth-rate tests were
initiated at PNNL and GEG. The first 29 stages of the PNNL tests CT038 (31%CR alloy 690TT)
and CT039 (31%CR alloy 690CM) have been completed and the preliminary DCPD-measured
results will be described.
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Figure 4.34 Optical images of the crack-growth surface of the 30% CR T-L specimens
(heat RE243). As with the 17% CR T-L specimens, the CM specimen
exhibits a greater amount of crack extension during load cycling.
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Figure 4.35 SEM images of crack-growth surfaces for the 30%CR alloy 690 T-L
specimens (heat RE243). |G cracking is observed in both specimens, but
with more IG in the TT specimen. Note that IG cracking is on grain
boundaries parallel to the rolling plane (transverse plane).

Significant differences were seen between the 31%CR alloy 690TT and CM materials during
cycle + hold transitioning and constant K exposures as listed in Table 4.8. These differences are
highlighted by the constant K response at 360°C and 25 cc/kg H,. These SCC results are
presented in Figure 4.36 showing rates of ~8x10® mm/s for the TT material and ~8x10° mm/s
for the CM material. After the observation of moderate-to-high propagation rates at 360°C for
the TT sample, temperature dependence was explored by observing constant K response at
325 and 290°C (Figure 4.37). To ensure maximum IGSCC engagement for each temperature,
the test temperature was returned to 360°C and higher rates of propagation reestablished
between each temperature change.
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Table 4.8  Data summary for alloy 690 CRDM specimens CT038 & CT039.

CT038 CT039
Alloy 690TT+31% CR S-L | Alloy 690CM+31% CR S-L
Water Crack Crack
Test Duration Freq Hold Chemistry Temp | Kmax CGR Extension| Kmax CGR Extension
Phase (h) R (Hz) (h) Conditions (°C) |(MPavym) (mm/sec) (mm) |(MPaVm) (mm/sec) (mm)
1 ~3 03 5 0 air RT | 21.0 8.3E-05 043 21.0 7.9E-05 0.41
2 ~2 05 5 0 air RT | 23.0 45E-05 0.28 23.0 45E-05 0.30
3 ~2 06 5 0 air RT | 25.0 3.6E-05 0.30 250 3.3E-05 0.28
4 ~3 07 5 0 air RT | 250 1.8E-05 0.19 250 1.9E-05 0.19
5 13 05 01 0 25cckgH, 360 | 27.5 4.6E-06 0203 | 27.6 7.7E-06 0.325
6 35 05 001 0 25cckgH, 360 | 275 1.3E-06 0.145 | 27.8 1.5E-06 0.196
7 8 05 0001 O 25cckgH, 360 | 27.5 26E-07 0.073 | 27.7 1.8E-07 0.056
8 278 0.5 0.001 25 25cckgH, 360 | 27.5 22E-07 0.175 | 27.3 3.0E-08 0.034
9a 350 - COQSt — 25cckgH, 360 | 275 8.1E-08 0.093 | 27.1 8.3E-09 0.010
9 135 - COQSt - 25cckgH, 360 | 27.5 7.0E-08 0.032 | 27.0 7.9E-09 0.005
10 550 - COQSt — 1lcckgH, 325 | 275 28E-08 0.054 | 26.8 <5E-10 0.000

11 37 05 0.001 O 11cckgH, 325 275 1.4E-06 0.237 26.2 2.6E-07 0.007
12 85 0.5 0.001 25 11cckgH, 325 275 1.6E-07 0.072 26.0 2.2E-08 0.006

13 38 0.5 0.001 2.5 25cc/kgH, 360 27.5 2.4E-07 0.032 259 2.8E-08 0.004
const

14 267 - O - 25cokgH, 360 | 27.5 3.3E-08 0032 | 258 56E-09 0.005
15 87 06 0001 25 25cckgH, 360 | 27.5 1.9E-07 0075 | 256 1.7E-08 0.005
16 206 - COQSt — 25cckgH, 360 | 275 4.7E-08 0.035 | 255 4.9E-09 0.005
17 669 - COQSt —- 4cclkgH, 290 | 275 6.1E-09 0.090 | 253 <5E-10 0.005
18 37 06 0.001 25 4cckgH2 290 | 27.5 21E-07 0.053 | 25.1 ~1(')2E' 0.001
19 100 - COQSt —- 4cckgH2 290 | 275 1.8E-09 0.003 | 251 <5E-10  0.001

20 197 0.6 0.001 O 4cckgH, 290 275 2.7E-07 0.390 242 T.4E-08 0.058

21 137 0.6 0.001 2.5 4cckgH, 290 275 3.1E-08 0.017 242 9.7E-09 0.008

22 317 - Onst . 4ickgH, 290 | 275 1.9E-09 0003 | 242 1.0E-09 0.002

23 136 0.6 0.001 2.5 11cckgH, 325 275 5.6E-08 0.028 241 1.5E-08 0.007
24 154 0.5 0.001 2.5 11cckgH. 325 275 1.7E-07 0.061 240 2.6E-08 0.012

25 348 - COQSt — 1cckgH, 325 | 275 1.1E-08 0.014 | 240 ~6E-10 0.001
26 317 - COQSt — 50cckgH, 325 | 275 1.1E-08 0.013 | 240 ~6E-10 0.002
27 188 - COQSt — 1cckgH, 325 | 275 1.2E-08 0.007 | 239 ~1E-09 0.001
28 685 - COQSt — lcckgH, 325 | 275 4.1E-09 0.009 | 239 ~1E-09 0.002
29 ongoing -- COQSt — 1cckgH, 325 | 275 ~1E-08 ongoing| 23.9 ~1E-09 ongoing
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CT038 & CT039 CGR, 0.5T CT Valinox Alloy 690 Heat RE243 TT/CM+31% CR S-L
360°C, 27.5 MPavm, 1000 ppm B, 2.0 ppm Li, 25 cc/kg H,
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Figure 4.36 Initial constant K responses for the 31%CR alloy 690TT and CM specimens
(heat RE243) at 360°C and 25 cc/kg Ha.
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Figure 4.37 Constant K responses for the 31%CR alloy 690 specimens at 360 and

325°C.
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The hydrogen content at each temperature was altered with each temperature change to
maintain the ECP at the Ni/NiO stability line. Propagation rates for the TT material decreased
consistently with decreasing temperature producing an activation energy of ~110 kd/mole as
shown in Figure 4.38. As indicated in this plot and listed in Table 4.8, constant K growth rates
have been evaluated several times at each temperature building confidence in the results. The
31%CR alloy 690CM specimen essentially stopped propagating as the temperature was
dropped from 360°C to 325°C. Since no significant DCPD-measured crack extension was
observed at the lower temperatures, it was not possible to assess an activation energy for the
CM material using the common exponential representation.

One final environmental parameter examined as part of the tests on the 31%CR S-L specimens
was the effect of hydrogen concentration and ECP. Hydrogen concentrations was varied at a
temperature of 325°C, matching prior PNNL work [Ref. 8] conducted on alloy 182. No change
in the propagations rates was detected at a higher content of 50 cc/kg in the Ni stable regime,
but the TT material clearly shows a decrease in rate when the dissolved hydrogen level is
reduced to 1 cc/kg (well into the NiO stable regime). This behavior is documented in
Figure 4.39. The experiment on the 31%CR specimens is continuing and additional data is
needed to confirm the influence of hydrogen on the SCC behavior.
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Figure 4.38 Measured constant K crack-growth rates as a function of test temperature
for the 31%CR alloy 690TT specimen (heat RE243). The hydrogen
concentrations were adjusted at each temperature to keep the ECP at the
Ni/NiO line.
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Preliminary results for the influence of hydrogen concentration on the
constant K crack-growth rates for the 31%CR alloy 690TT specimen (heat
RE243) in simulated PWR primary water at 325°C. The alloy 690 results are
compared to previous PNNL SCC results [Ref. 8] on two alloy 182 welds.



4.4 Summary and Discussion of SCC Results for Alloy 690 CRDM Materials

Representative alloy 690 CRDM plant materials were studied to investigate the SCC crack-
growth response in the as-received TT and several modified conditions. A variety of different
transitioning methods were employed in an attempt to promote SCC engagement and
effectively measure propagation rates under constant K conditions. None of the transitioning
methods were found to produce significant IG cracking in PWR primary water for the non-CR
materials. Crack-growth response for three different alloy 690 heats in the as-received TT
condition, and one heat also in the CM condition, was essentially the same. Steady propagation
was observed at constant K, but only at extremely low rates (£1x10° mm/s). This data is
summarized in Figure 4.40.

Crack-growth-rate testing of the 17%CR S-L specimens showed similarly low propagation rates
at 325°C during both cycle + hold and constant K phases. Despite having rates similar to the
non-CR materials, SEM observations of the crack-growth surfaces revealed noticeable |G
cracking. This suggests that the 17%CR condition does influence grain boundary susceptibility
to SCC, but the amount of damage was not sufficient to degrade overall SCC resistance even
for the S-L orientation. Increasing the 1D CR to a reduction of ~30% significantly increased the
IGSCC susceptibility. The alloy 690TT+30%CR specimen in the less-favorable T-L orientation
(350°C) and TT+31%CR specimen in the S-L orientation (up to 360°C) showed much higher
constant K crack-growth rate as shown in Figure 4.40 and listed in Table 4.9. An increase in
IGSCC propagation rates of ~100X is indicated due to 31% 1D cold rolling for the alloy 690TT
material.
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nly
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o
5 A WP142 TT CRDM (PNNL)
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Figure 4.40 Summary plot showing constant K crack-growth results for the alloy 690TT
materials either in the as-received, non-CR condition or after cold rolling.
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Table 4.9

Microstructure, hardness and SCC rates for heat RE243 alloy 690 materials.

Mid-Plane PNNL
Sample Microstructure Hardness CGRs

(O-TT) PNNL CRDM | Semi-continuous (small discrete + cellular) 175 <5x101°
alloy 690TT; Test carbides on GBs plus Cr depletion, few TiN ka/mm? mm/s

sample CT014 at GBs and in matrix; equiaxed grains 9

(0 - CM) PNNL Few carbides and well-spaced TiN on GBs 165 <5x1010
CRDM alloy 690CM; with no Cr depletion; few TiN in matrix; ka/mm? mm/s

Test sample CT015 equiaxed grains 9 o
(;”;Jgggﬂ\‘%&RCDRM As for CT014 (0 —TT) above + very low 250 (rm?s
Test sample CTO19’ density of GB voids and cracked carbides kg/mm (S-L)

(1-CM) PNNL ~6x10°1°

CRDM alloy 690CM As for CT015 (0 —CM) above + no obvious 235 /

17%CR; Test sample permanent damage kg/mm? mSmLs
CT020 (S-L)

As for CT014 (0 —TT) above + slightly -8
(;IAJEQS'PP;O%RCDRM elongated grains; moderate density of GB 300 , 1}?&2
Test sample CTO22’ voids and some cracked carbides, low kg/mm (T-L)

density of cracked TiN at GBs and in matrix

CngDMil}fgyngl\&:M As for CT015 (0 —CM) above + slightly 200 1.0x10°
30%CR: Test sample elongated grains; low density of cracked TiN kg/mm? mm/s
éT023 at GBs and in matrix, few isolated GB voids (T-L)

(3-TT) PNNL CRDM 298 4-8x10°
alloy 690TT 31%CR; As for CT022 (2 —TT) above ka/mm? mm/s
Test sample CT038 9 (S-L)

(3 - CM) PNNL 5-9x107°
310 Tort oo As for CT023 (2 ~CM) above ’ 92/2&12 mm/s
CT039 (S-L)

The test results on the 31%CR alloy 690TT CRDM material demonstrates that 1D cold rolling is
clearly detrimental to SCC resistance even for extruded tubing with a homogeneous starting
microstructure. This is contrary to previous assertions that the high SCC susceptibility may be
related to non-homogeneous plate microstructures where compositional banding is present.
The current work on the CRDM heat RE243 also provides some additional insights into material
condition and microstructural effects on SCC susceptibility through the tests on the solution-
annealed alloy 690CM specimens. While no significant crack growth rate differences were
observed between TT and CM for the non-CR and the 17%CR materials, the 30-31%CR alloy
690CM specimens revealed consistently lower SCC propagation rates than the alloy 690TT
specimens. Figure 4.41 summarizes this data and reveals growth rates ~10X higher for the TT
materials than the CM materials even though the hardness levels were similar between these
CR materials as shown in Table 4.9. The most significant microstructural difference is the grain
boundary precipitate distributions with a semi-continuous distribution of Cr,3Cs carbides in the
TT condition and only isolated carbides in the solution-annealed CM condition. However in
addition to dissolving IG Crp3Cg carbides, the solution anneal also removed the grain boundary
Cr depletion present in the TT material and puts carbon back into solution for the CM material.
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Alloy 690 CGR vs K
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Figure 4.41 Summary of constant K crack-growth results for alloy 690 CRDM heats
highlighting differences between the TT and CM materials after extensive 1D
cold rolling.

Important results have been obtained investigating grain boundary damage in the alloy 690TT
and CM materials after cold rolling. Each of the 17%CR and 30%CR materials are heavily
deformed as documented by high strain contrast in SEM images and extremely high dislocation
densities in TEM images. Qualitatively, these observations also indicate enhanced deformation
localized at grain boundaries particularly for the alloy 690TT material. Consistent with this
apparent higher boundary damage for the TT materials is the formation of small voids adjacent
to IG carbides along with a lower density of cracked Cr carbides after 30%CR. Very little
permanent damage of this type is seen in the 30%CR alloy 690CM material. Table 4.10
includes the observed CR-induced damage and links it to the measured SCC crack-growth
rates. Higher SCC propagation rates are only seen in the 30-31%CR condition where significant
permanent damage is found at grain boundaries. A key question is what CR-induced
microstructural change promotes IGSCC susceptibility and the high growth rates under PWR
primary water conditions. Clearly, the presence of grain boundary carbides in the TT material
leads to more extensive grain boundary deformation, voids and cracked carbides than for the
CM material. Additional insights have been obtained from SEM and TEM examinations of SCC
cracks and crack tips in the 30%CR alloy 690TT specimen (CT022) and these will be described
and discussed in Chapter 5.
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Table 4.10 Microstructure, CR damage and SCC rates for heat RE243 alloy 690

materials.
PNNL
Sample Microstructure CR Damage CGRs
Semi-continuous (small discrete + .
;(I)IAPIE\SISQ\IOL'I'?RTDe'\sAt cellular) carbides on GBs plus Cr 'c\;lgr;i(zjlgz iszCézd:‘i? <5x107"°
y ! depletion, few TiN at GBs and in T mm/s
sample CT014 D . , cracked TiN in matrix
matrix; equiaxed grains
Semi-continuous (small discrete + | Low density of voids y
a”(;)GPQI\IONI.EI.??RO/D'\CAR_ cellular) carbides on GBs, few and cracked carbides | ~6x10 ’
Tegt sample CTOO19’ TiN at GBs and in matrix; slightly | on GBs, few cracked mm/s
P elongated grains TiN in matrix (S-L)
Semi-continuous (small discrete + | Moderate density of )
(;IATEQS'II}I'IN;O(‘?/RCDRM cellular) carbides on GBs plus Cr voids and some 1.2x10°
Tegt samole CTOO22’ depletion, few TiN at GBs and in | cracked carbides on mm/s
P matrix; slightly elongated grains GBs & TiN in matrix (T-L)
(2 - CM) PNNL E , Low density of
ew carbides and well-spaced : 1.0x10°°
CRDM .aIon 690CM TiN on GBs, few TiN in matrix: cracked TiN on GBs e
30%CR; Test sample slightly elonaated arains & in matrix, isolated
CT023 ghtly elongated g void at triple pt. (T-L)
Semi-continuous (small discrete + Measurements in )
aII(c?) GPQI\IONI.EI.%?O/D'\CAR cellular) carbides on GBs plus Cr progress, expected 4-8x10°
Tegt sample CTOO38’ depletion, few TiN at GBs and in similar to (2 -TT) mm/s
P matrix; slightly elongated grains 30%CR alloy 690TT (S-1)
, y TiN on GBs, few TiN in matrix; prog » &Xp mm/s
31%CR; Test sample sliahtly elonaated arains similar to (2 — CM)
CT039 ghtly elongated g 30%CR alloy 690CM | (S-L)
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5 SCC Crack-Growth-Rate Testing on Cold-Rolled
Alloy 690 Plate Materials

5.1 Compositions and Microstructure of Alloy 690 Plate Materials

Three different alloy 690 plate materials have been obtained at PNNL with a large section
received from EPRI and small, cold-rolled pieces from Argonne National Laboratory (ANL) and
GEG Research. Information available on these three heats is summarized in Table 5.1. It is
important to note that the ANL and GEG plate materials were in the mill-annealed condition. The
final annealing was reported at either 1038 or 996°C followed by an air cool.

Table 5.1 Alloy 690 plate materials at PNNL.

Material and Heat Number
Source & Description Composition, wt% Material Condition
EPRI Alloy 690TT | NX8625HG21 . Mill Anneal + 718-727°C
Huntington Alloys 1.34” Plate Ni-30.3Cr-10.0Fe-0.027C thermal treatment
. 1038°C for 2 h and air cooled
ANL Alloy 690 | NX3297HK12 Ni-30.8Cr-8.5Fe-0.04C- (MIL-DTL-24802),
ATI Wah Chang | 2.125” Flat Bar | 0-33Mn-0.02Si-0.18A1-0.27Ti- unidirectional CR to 26%
@ 9 < 0.037N-0.0006S-0.006P . °
reduction, 3 passes
Ni-29.3Cr-9.2Fe-0.034C- 996°C for 0.33 h and air
GEA%A:fl’é’aigo 5 252”5§ar 0.22Mn-0.06Si-0.26A1-0.37Ti- | cooled, unidirectional CR to
' 0.026N-0.006P-<0.0003S 20% reduction, 2 passes

Optical Metallography on ANL 26%CR and GEG 20%CR Alloy 690 Plate Materials

A photo of the piece of the 26%CR plate section obtained from ANL (heat NX3297HK12) is
shown in Figure 5.1 along with the positioning of the CT specimens. Microstructural
examinations were conducted using a single through-thickness slice (shown in Figure 5.2) and a
CT test sample (CT036) after SCC testing in simulated PWR primary water. Optical
metallography was employed to map the microstructure across the entire thickness of the plate
as illustrated in Figures 5.2 and 5.3. Examples from the lower section of the plate are presented
in Figure 5.2 revealing a region of extremely large grains. Beyond these unique features, the
grain size appeared to be reasonably consistent with no evidence for bands of finer and larger
grains. In addition, regions with obviously higher densities of Cr carbides or Ti-rich precipitates
were not identified during initial optical examinations. The areas identified as (d) and (e) in
Figure 5.2 are just below the midplate and correspond to the crack-growth plane for the PNNL
CT samples. They show no evidence for microstructural banding. The uniform microstructure
extended through the plate midplane and into the upper section of the plate shown in Figure 5.3.
Careful examination did identify several regions with bands of finer and larger grains starting at
about 3-4 mm from the plate midplane. In addition, a higher density of small IG and TG Cr
carbides (<1 um) were found in the finer-grain bands along with a higher density small and large
Ti nitrides or carbonitrides. This microstructural variation is consistent with compositional
banding and is similar to the GEG observations [Refs. 14,15] on the ANL plate material they
tested. It is possible that GEG machined their CT samples from the top of the ANL plate and
could have intersected these banded regions.
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Figure 5.1 Photograph showing the as-received, 26%CR plate material from ANL (heat
NX3297HK12) and sectioning conducted to obtain 3 CT samples for SCC
crack-growth testing, slices for metallography corresponding to the CT
sample areas, and a top piece for future SCC initiation test samples.

Further confirmation of the SCC crack-growth plane microstructure is presented in Figure 5.4 by
examination of the PNNL CT036 test sample. Cross-sections were prepared for high-resolution
characterizations of the SCC cracks and crack tips (described in Chapter 6). Before final
preparation steps for TEM characterization by ion milling, optical metallography and SEM were
used to document the general microstructure in the region surrounding the SCC cracks.
Consistent with the prior observations in Figure 5.2, there was no evidence for banding at or
near the crack-growth plane.
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Figure 5.2  Optical micrographs illustrating microstructures in the lower section of the
26%CR ANL plate (heat NX3297HK12).
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Figure 5.3  Optical micrographs illustrating microstructures in the upper section of the
26%CR ANL plate (heat NX3297HK12). Evidence of banded microstructure
can be seen in selected regions (a, b and c) above the plate midplane.
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Figure 5.4  Optical and SEM micrographs showing cross-section microstructures in the
26%CR ANL plate (heat NX3297HK12) at and near the SCC crack-growth
plane for specimen CT036.

In summary, optical examinations of etched samples for the 26%CR ANL plate have revealed:
(1) no evidence of banded microstructures in the thickness location corresponding to the crack-
growth plane in PNNL SCC test samples (just below the CR plate midplane); (2) bands of larger
and finer grains (typically with a higher density of precipitates) were identified in the "upper" half
of the plate; and (3) regions of very large, elongated grains were found in the lower third of the
plate. Based on the observation for this through-thickness plate location, the ANL plate is not
extensively banded and contains only isolated regions where such non-uniform microstructure is
present. This assessment is consistent with that reported by Alexandreanu [Ref. 16]. It appears
to be possible that 0.5T CT test samples machined from the top section of the ANL CR plate
might intersect the banded microstructure documented above the plate midplane and be more
consistent with results from Andresen [Ref. 14]. This is important for comparisons made later in
this chapter to SCC tests performed at other laboratories on the 26%CR ANL plate.



Optical metallography was also performed on the 20%CR GEG plate (heat B25K), but
examinations were very limited in comparison to that for the ANL material. Microstructural
characterizations focused on the area near the crack-growth plane in the CT specimens. A
highly variable distribution of second-phase particles was observed with clear evidence for
compositional banding. An extreme example showing clusters of particles grouped in bands is
shown in Figure 5.5. Based on the SEM and TEM results (presented in the following section),
most particles revealed by the etchant are Cr carbides, Ti nitrides or Ti carbonitrides.
Occasionally particles are seen on grain boundaries, but most are arrayed through the matrix.
The compositional banding in this material was oriented perpendicular to the CR direction and
to the SCC crack-growth direction. These microstructural observations are generally consistent
with those reported by Andresen [Refs. 15,17] on this CR plate material.

100/um

| S—

Figure 5.5  Optical micrograph showing high density of banded second-phase particles
in the GEG 20%CR alloy 690 plate (heat B25K). The compositional bands in
this material were oriented perpendicular to the rolling direction and SCC
crack-growth direction for the plate.



SEM and TEM Examinations of ANL and GEG Alloy 690 Plate Material Microstructures

Characterizations on the 26%CR ANL and 20%CR GEG alloy 690 materials by SEM and TEM
methods will be presented in this section to better elucidate the general grain and precipitate
structures. More detailed examinations focused on the CR damage microstructures will be
described in Section 5.2 using many of these same techniques.

The ANL alloy 690 (heat NX3297HK12) material had a high density of M,;Cg carbides on most
high-energy grain boundaries as illustrated in Figure 5.6. Higher magnification of these grain
boundaries (Figure 5.7) showed that carbides were slightly elongated and ~400-500 nm in size
with an average carbide separation along high-energy grain boundaries of ~300-500 nm. EDS
elemental maps in Figure 5.8 shows the distribution of the Cr-rich M,3C¢ carbides along a grain
boundary at a slightly higher magnification. Small (~200 nm), slightly elongated TiN particles
were also observed sporadically along the grain boundaries as shown by the example in
Figure 5.7(d). In addition, a higher density of Ti-rich particles (nitrides and carbonitrides) was
found in bands in several regions as documented in Figures 5.9 and 5.10.

Limited TEM analyses were performed to investigate the grain boundary composition in the ANL
material. Asymmetric Cr depletion profiles were detected at high-energy boundaries between
carbides as illustrated in Figures 5.11 and 5.12. The Cr concentrations typically decreased by 5
to 8 wt% at grain boundary regions to a corrected values of 22-25 wt% between carbides and Ni
was enriched by a similar amount, while the Fe concentration remained relatively constant
across the grain boundaries. Some variability in these measured depletion profiles was
observed among the finite humber of grain boundaries examined and appeared to depend on
the density/spacing of IG carbides. The observed asymmetry in the composition profiles may
result from the heat treatment with carbide precipitation and depletion apparently developing
during cooling from the mill-anneal temperature (1038°C). A final example of a measured
compositional profile is presented in Figure 5.13 taken across the matrix/carbide interface. For
the profile spacing employed, the carbide interfaces show an abrupt step change in elemental
composition with a Cr depletion region in the adjacent matrix.

Figure 5.6 Low magnification backscattered SEM images illustrating general
microstructure in 26%CR ANL alloy 690 plate (heat NX3297HK12).
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Figure 5.7  High magnification backscattered SEM images (a, b, ¢ and d) illustrating
typical grain boundary precipitate microstructures in 26%CR ANL alloy 690
plate (heat NX3297HK12).

The alloy 690 (heat B25K) material received from GEG was found to have a varied carbide
microstructure throughout the sample with a higher density of TG than IG carbides as illustrated
in Figures 5.14, 5.15 and 5.16. The majority of grain boundaries had a low density of irregularly
spaced carbides as illustrated in Figures 5.14(a,c,d), 5.15(a,b,c) and 5.16(c,d). However, a
higher density of evenly spaced, discrete carbides (~500 nm in diameter) was observed on
several boundaries as can be seen in Figures 5.14(b), 5.15(d) and 5.16(b). The carbide spacing
on these boundaries is ~500 nm apart, while boundaries with isolated carbides had spacings
closer to 10 ym. Limited TEM examinations revealed no significant Cr depletion on the high-
energy grain boundaries analyzed, but all had a low density of carbides. Additional TEM
samples would need to be prepared to locate and analyze grain boundaries with a higher
density of carbides where Cr depletion might be expected. Transgranular M,3Cs carbides with
similar dimensions to those of the |G carbides were present throughout the sample and their
distribution often suggests that they had probably formed on prior grain boundaries. Examples
of these matrix carbides are presented in Figures 5.14(d), 5.15(a,b,c,d) and 5.16(c,d). Lastly,
elongated TiN inclusions on the order of micrometers wide and 5-10 ym long were observed in
the grains (Figure 5.15 and 5.16c¢) as well as small (200-300 nm) TiN at grain boundaries and in
the matrix.



Figure 5.8 TEM EDS elemental maps illustrating the carbide microstructure in 26%CR
ANL alloy 690 plate (heat NX3297HK12).

Banding of small Ti rich particles

100 em

Figure 5.9 SEM (SE) montage of 26%CR ANL alloy 690 (heat NX3297HK12) lightly
etched to bring out grain structure showing banding of small, Ti rich
particles.
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Banding of small Ti rich particles

Figure 5.10 Higher magnification (backscattered and SE) SEM images 26%CR ANL
alloy 690 (heat NX3297HK12) lightly etched to bring out grain structure.
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Figure 5.11 Brightfield TEM image and corresponding EDS linescan showing Cr
depletion and Ni enrichment at the grain boundary between carbides in the
ANL sample. The grain boundary is close to on edge and the minimum
measured Cr concentration is ~22.5 wt% with a total profile width of
~300 nm.
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Figure 5.12 TEM brightfield micrograph and EDS linescans across a high-energy grain
boundary revealing Cr depletion on one side of the boundary. The Cr
concentration near the boundary drops by ~6 wt% to ~24 wt% and the total
Cr depletion width is ~300 nm.
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Figure 5.13 TEM brightfield and corresponding linescan across a grain boundary M»3Cg
carbide in the ANL sample. Concentration changes at the carbide-matrix
interfaces show the carbide to primary Cr rich and the adjacent matrix is
depleted by ~8 wt% in Cr from the measured bulk Cr concentration in this
region.
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Figure 5.14 Low magnification SE and backscattered SEM images illustrating carbide
distributions in 20%CR GEG alloy 690 plate (heat B25K): (a) mostly TG
carbides, (b) high density of IG carbides, (c) and (d) low density of primarily
TG carbides.

In general, the SEM examinations on the GEG alloy 690 plate revealed a significant variability in
the precipitate microstructure across the sample thickness. This may result from compositional
banding that has been seen in this material. Areas with a high density of carbides (e.g., in
Figure 5.14b and 5.15d) may be within such a banded region. Lower magnification optical
metallography indicated a few areas where banding was obvious as shown in Figure 5.5. The
overall conclusion that most high-energy grain boundaries have a low density of well-spaced
carbides does not change.



Figure 5.15 Low magnification backscattered SEM images illustrating carbide and nitride
distributions in 20%CR GEG alloy 690 plate (heat B25K): (a,b,c) areas show
mostly TG carbides with some aligned along prior grain boundaries and (d)
area with a higher density of both TG and IG carbides. Larger Ti nitride
particles can be seen in the matrix.




Figure 5.16 Higher magnification SE and backscattered SEM images illustrating general
precipitation microstructure in 20%CR GEG alloy 690 (heat B25K): (a) well-
spaced, TG carbides; (b) high density of IG carbides; (c) well-spaced TG
carbides and an elongated TiN inclusion; (d) series of TG carbides
apparently formed on a prior grain boundary along with a few small TiN
matrix particles.

Hardness Tests on ANL 26%CR and GEG 20%CR Alloy 690 Plate

Hardness measurements have also been obtained on the ANL and GEG CR alloy 690 plate
materials with the most extensive examinations were performed on the 26%CR ANL plate (heat
NX3297HK12). Hardness maps were obtained across the through-thickness slice from the CR
plate supplied to PNNL matching the area where microstructural characterizations were
performed. Thirty hardness measurements were taken across the thickness (y) in 1 mm steps
and then repeated in 8 adjacent positions (x) also 1 mm apart. Results were reasonably
consistent as shown in Figures 5.17, 5.18 and 5.19. Slightly lower hardness (285-295 kg/mm?)
was measured at/near plate midplane and slightly higher hardness values (305-315 kg/mm?)
are found at regions closer to the top or bottom of the plate. As a result, there only appears to
be a minor difference in hardness for the possible 0.5T CT sample crack-growth plane locations
near the center of the plate. This suggests that the cold work produced in the multi-pass 26%CR
plate is reasonably uniform, however more detailed examinations by techniques such as
electron backscatter diffraction are warranted to better assess strain distributions.
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Figure 5.17 Summary of all hardness measurements for the 26%CR ANL alloy 690 plate
(heat NX3297HK12), hardness units in the plots are kg/mmz.
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Figure 5.18 Measured through-thickness hardness for the 26%CR ANL alloy 690 plate
(heat NX3297HK12), average of 8 data points in x direction. Hardness units
in the plots are kg/mm?.
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Figure 5.19 Summary of Vickers hardness measurements obtained on a cross-section
sample for the 26%CR ANL alloy 690 plate (heat NX3297HK12), hardness
units are kg/mm?. Through-thickness measurements in the y direction start
at ~10 mm below the top of the plate.

Direct hardness comparisons were also made between the 26%CR ANL specimen CT036 and
the 20%CR GEG specimen CT037 (heat B25K). Measurements were taken across polished
cross-sections to assess the through-thickness hardness across the SCC crack-growth planes
in the CT specimens. Somewhat surprisingly, similar hardness levels were obtained with the
26%CR ANL specimen ranging from ~310 to 330 kg/mm? and the 20%CR GEG specimen
ranging from ~300 to 320 kg/mm? as shown in Figure 5.20. It is important to note that these
measurements only span a small fraction of the rolled plate thickness corresponding to the 0.5T
CT specimen dimension. Some changes in hardness were seen across this thickness,
particularly for the GEG CT037 specimen where hardness decreased by ~20 kg/mm? from one
side to the other. For comparisons to the SCC response, the average hardness values at the
SCC crack-growth plane locations were estimated to 315 and 307 kg/mm? for the ANL CT036
specimen and the GEG CTO037 specimen, respectively. As noted above, these values suggest
similar strength levels for these cold-worked plates and they are slightly higher than those
measured for the 30%CR alloy 690 CRDM tubing materials described in the previous Chapter.
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Figure 5.20 Measured through-thickness hardness for the 26%CR ANL (heat
NX3297HK12) and 20%CR GEG alloy 690 plates, each point is an average
of 3 data points in x direction.

Summary of General Characterization and Comparisons to CR CRDM Materials

The examinations described in the previous subsections document key differences in the
general microstructures for the ANL (heat NX3297HK12) and GEG (heat B25K) plate materials.
Microstructural, microchemical and hardness measurements are briefly summarized in Table
5.2 and compared to results for the CR CRDM materials (heat RE243). The ANL plate showed
a high density of Cr-rich M»3C;s carbides, significant Cr depletion and a distribution of small TiN
particles on nearly all high-energy boundaries examined. Its grain boundary microstructure is
most consistent with the CRDM alloy 690TT materials, but the carbide density was lower and
spacing greater for the ANL plate. In addition, cellular carbide precipitation was common in the
thermally treated CRDM tube while not seen in the mill annealed ANL plate.

Carbides were primarily TG in the GEG plate with the majority of grain boundaries exhibiting
well-spaced carbides (and nitrides) with no measurable Cr depletion. The lack of grain boundary
carbides and Cr depletion is more similar to the CRDM alloy 690CM material, however the GEG
material microstructure was highly variable due to compositional banding. Selected regions did
show grain boundaries with a moderate-to-high density of carbides and occasional TiN particles
approaching the distributions identified for the ANL material. This variability makes a
quantitative comparison impossible based on the limited examinations performed. It also
illustrates the need for more detailed microstructural characterizations of material focused on
the specific regions where SCC crack-growth response is evaluated.



Table 5.2

Microstructure, microchemistry and hardness for selected CR alloy 690

materials.
Sample Microstructure GB Microchemistry Hardness
(2-TT) PNNL Semi-continuous (small discrete + | Cr depletion to 21-24 wt% at
CRDM alloy 690TT | cellular) carbides on GBs, few TiN | GBs between carbides along 300
30%CR; Test at GBs and in matrix; slightly with Ni enrichment, total kg/mm2
sample CT022 elongated grains width of 300-400 nm
(2 - CM) PNNL Few carbides and well-spaced TiN | No measured enrichment or
CRDM alloy on GBs, few TiN in matrix; slightly depletion of alloying or 290
690CM 30%CR; ’ s _ depi ying kg/mm?
Test sample CT023 elongated grains impurity elements at GBs
(4) GEG plate alloy Well-spaced carbides on most GBs, | No measured enrichment or
690 20%CR: Test higher density ir_1 banded areas, TiN depletion of alloying or 307 ,
sample CT,037 at GBs and in matrix, slightly impurity elements at GBs kg/mm
elongated grains with well-spaced carbides
(5) ANL plate alloy Semi-continuous carbides and TiN | Cr depletion to 22-25 wt% at
690 26%CR: Test on C_SBS, no banQing in_SCC plane, | GBs between carbides along 315 ,
sample CT,036 TiN stringers in matrix, slightly with Ni enrichment, total kg/mm
elongated grains width of ~300 nm

5.2 High-Resolution Examinations of Cold-Rolling Microstructural Damage

Additional microstructural characterizations were performed on the CR alloy 690 plate materials
to better define damage characteristics particularly at grain boundaries. These examinations
using SEM (secondary and backscatter electron), brightfield TEM and elemental composition
maps using energy dispersive x-ray spectroscopy (EDS) were similar in approach to those
described for the CR CRDM tubing in Section 4.3. Microstructures in the plate materials
exhibited varying degrees of damage directly associated with IG or TG precipitates. TEM
revealed high dislocation densities in both plate materials with evidence for most extensive
localized deformation at grain boundaries in the ANL 26%CR plate. Permanent damage was
different between the plate materials with much higher densities of IG cracked carbides, 1G
voids and TG cracked nitrides in the ANL 26%CR alloy 690. Void formation typically took on
two distinct size distributions at grain boundaries, either small (on the order of 50-75 nm) or as
much larger (200-300 nm). Crack formation was observed in IG My3Cs carbides and 1G TiN
particles as well as in larger TG Ti nitride or carbonitride particles in the matrix.

ANL Alloy 690 Plate

The 26%CR ANL alloy 690, like the CRDM alloy 690TT materials, had a high density of IG
M,3Cs carbides. Even though the density of the carbides in the ANL alloy 690 was lower than
that of the CRDM TT materials, the 26%CR ANL alloy 690 exhibited the highest density of
cracked second-phase particles and voids among the various CR materials. Additionally, there
appear to be a slightly higher density of TiN at grain boundaries in the ANL material and many
more TiN inclusions in the matrix. Examples of the various types of CR-induced damage in the
ANL material are presented in Figures 5.21 and 5.22. A high density of small (50-75 nm) voids
can be seen in Figure 5.21(a, b and d), typically forming at an IG carbide interface. As noted
previously, small TiN precipitates can be difficult to separate from voids in the SEM without
employing both backscatter and SE imaging. Lastly, cracks through Mj3Cs carbides are
identified in Figures 5.21(b and d) and 5.22. Without question, the 26%CR ANL cross-sections
revealed the highest density of IG cracked carbides among all CR materials along with a similar



density of voids as found in the 30%CR alloy 690TT CRDM material. EDS elemental maps
taken from various grain boundaries with carbides show the appearance of voids (Figure 5.23a),
cracks (Figure 5.23b) and a combination of both (Figure 5.23c). TEM imaging and elemental
mapping makes it somewhat easier to discern the differences between voids and cracks, but
TEM provides a much smaller region for analysis than SEM.

1 um

Figure 5.21 SEM backscatter micrographs illustrating grain boundary damage
microstructure in 26%CR ANL alloy 690 (heat NX3297HK12).

TiN precipitates could often be identified in these samples as opposed to voids due to the
faceted nature on the interface with the matrix. In Figure 5.22(d-e), the IG TiN precipitates are
often found between the Cr carbides. A second example is documented in Figure 5.24 with
SEM images taken from a leading SCC crack-tip region in a TEM thin foil prepared by FIB
(additional information is given later in this section). In the lower magnification image, it would
appear that the TiN particle could be a void (Figure 5.24a). However in the higher magnification
image (Figure 5.24b), the faceting of the particle clearly identified it as a TiN particle and not a
void. This was also confirmed by EDS analysis.
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Figure 5.22 SEM micrographs illustrating general carbide damage microstructure in
26%CR ANL alloy 690 (heat NX3297HK12).
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Figure 5.23 (a,b) SEM micrographs and EDS maps (a,b) illustrating general carbide
microstructure in 26%CR ANL alloy 690 (heat NX3297HK12).
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Figure 5.23 (c) SEM micrographs illustrating general carbide damage microstructure in
26%CR ANL alloy 690 (heat NX3297HK12).

FIB TEM foil

Apparent void?

Figure 5.24 SEM micrographs of a FIB prepared plan view crack-tip sample showing
differences in appearance in TiN particles in 26%CR ANL alloy 690 (heat
NX3297HK12).
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In order to more easily determine a void versus a TiN particle, secondary/backscatter electron
image pairs were taken for many grain boundary regions as illustrated by the examples in
Figure 5.25. Whereas in backscatter contrast it is difficult to discern the presence of material in
between the carbides (Figure 5.25b), the absence of material in the SE contrast image
(Figure 5.25a) highlight slightly higher yield at the edges, thus identifying it as a void.
Figure 5.25 is also interesting in that it perfectly shows a crack that has not split the carbide in
two pieces. Figure 5.26 highlights another region with TiN precipitate, cracks and voids in this
ANL plate material. The TiN appears in much darker contrast than the carbide in backscatter
imaging, and a crack can be seen emanating from the interface between the carbide and nitride.
Finally, a void is observed between the TiN and Mj;Cg particles near this crack. These many
examples of grain boundary structures are presented to give a representative description of the
high density of cracked carbides and voids in the ANL material.

It is also important to note that there is extensive cracking of the larger TiN inclusions in the
matrix and a single example is shown in Figure 5.27. The inclusions often extend many pym in
length and occasionally are clustered together as short stringers. These TiN inclusions are
typically cracked and occasionally have produced a TG crack extending into the matrix as in
Figure 5.27. The fact these inclusions are cracked during cold rolling may help promote higher
SCC growth rates by facilitating TG cracking and breaking ligaments in microstructural regions
where IGSCC is more difficult.

"~ Backscatter
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Figure 5.25 SEM Secondary/backscatter electron image micrographs illustrating general
carbide damage microstructure in 26%CR ANL alloy 690 (heat
NX3297HK12).
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Figure 5.26 SEM micrographs illustrating general precipitate damage microstructure in
26%CR ANL alloy 690 (heat NX3297HK12).
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Figure 5.27 SEM micrographs further illustrating general precipitate damage
microstructure in 26%CR ANL alloy 690 (heat NX3297HK12).

The 26%CR ANL material was also characterized using electron backscatter diffraction (EBSD)
techniques. As noted previously, SEM backscatter images reveal a highly strained grain
structure and mottled appearance as illustrated in Figure 5.28. An EBSD pattern quality map is
shown in Figure 5.29 and indicates the complexity of this deformed microstructure. The grain
boundary regions are not sharply defined, a direct consequence of strain concentrated in the
grain boundary regions due to the presence of |G carbides and the localized strain in the 1D
rolled material. To examine the strain more thoroughly in this sample, a misorientation map was
generated that presents the same area in terms of the distribution of misorientation boundaries,
with a minimum misorientation of 0.75° chosen as the lower limit. The results are presented in
Figure 5.30, revealing a highly complex distribution of misorientation boundaries. Note that the
TiN particles have rather substantial gradients of strain associated with the particles. The blue
appearance of the boundaries is indicative of the region having the same rotation component
with the axis of rotation parallel to the sample normal.
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Figure 5.28 SEM backscatter images show a highly deformed grain structure with visible
slip bands and high local strain at carbides on the grain boundaries.

RD
EBSD/SEM surface

[y
Figure 5.29 Pattern quality map show poorly indexed grain boundary regions in the ANL

26%CR material because of high strain and carbides plus similar issue at
TiN matrix particles.
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Misorieniation Profile

Figure 5.30 Misorientation axis map: Blue and red boundaries indicate rotation in the
rolling direction, that is, axis of rotation is the sample normal (N).
Misorientation profile near TiN particle in the middle region (black arrow)
shows the changing degree of misorientation.

A misorientation profile taken across the central region near the TiN particle reveals a
cumulative misorientation of almost 50°. It was not possible to apply a strain calibration to these
types of microstructures because of the gradients in the misorientation boundaries, but it is likely
that the stress concentration of the TiN particles yields a strain level well in excess of 30%.
Figure 5.31 shows the inverse pole figure maps for the same region. In these color maps, the
grains are colored according to their orientation with respect to either the rolling direction or the
transverse direction. The rolling direction map has a broader range of colors than in the
transverse map, probably due to the 1D rolling the sample experienced.

j_{ TiN particle

Figure 5.31 Comparison of Inverse pole figure maps (RD versus TD): Rolling direction
orientation map shows a greater degree of lattice misorientation in terms of
the broader range of colors present in the area, whereas from the TD, the
grains are colored more uniformly. Boundary map shows boundaries with
regions of greater than >0.75°misorientation. Note that the central red
colored region below the TiN in the RD map is outlined by gradients in the
misorientation boundaries, but inside the red region there are relatively few
boundaries.
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GEG Damage Microstructure

The 20%CR GEG alloy 690 material had a significantly different microstructure with a much
lower density of IG carbides and nitrides along with many TG carbides. This resulted in a much
lower density of IG cracked carbides and voids for most grain boundaries. However, isolated
boundary regions exhibited closely spaced carbides and more extensive permanent damage.
Representative images for these isolated regions with cracked carbides and voids are
presented in Figures 5.32, 5.33 and 5.34. They illustrate the presence of both cracks and voids
associated with M»3Cg carbides. Figure 5.32 shows cracking and voids on an irregularly shaped,
elongated carbide. Figure 5.33 shows various IG carbides with both equiaxed shapes as well as
irregular shapes with sharper facets, as well as an equiaxed, |G TiN particle. A void is observed
between the carbide and nitride in Figure 5.33(a), and cracks and voids are observed on the
irregularly shaped carbide in Figure 5.33(b). Figure 5.33(c) highlights cracks in another
irregularly shaped carbide. Lastly, voids can be identified among a cluster of equiaxed carbides
in Figure 5.34. As well, a void is observed between an equiaxed TiN and M»3C¢ precipitate at
the bottom of the figure.

In summary, the low density of IG carbides in most grain boundaries for the GEG material
resulted in a much lower distribution of cracked carbides and voids than for the 26% ANL
material. Only local grain boundary regions on the order of 10 um in length had semi-continuous
IG precipitates and more extensive permanent damage. These regions appeared to be
associated with compositional banding that was oriented perpendicular to the rolling direction.

Figure 5.32 SEM micrographs illustrating general carbide damage microstructure in
20%CR GEG alloy 690 (heat B25K).
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Figure 5.33 SEM micrographs illustrating general carbide damage microstructure in
20%CR GEG alloy 690 (heat B25K).

Limited EBSD characterizations were also performed on the 20%CR alloy 690 plate materials.
In general, the pattern quality maps didn’t show the same degree of strain as observed in the
26%CR ANL material sample, there were fewer slip bands and the grain boundaries themselves
were more sharply defined. The microstructural appearance is illustrated in the SEM
backscatter images of Figure 5.35 and the pattern quality map of Figure 5.36. As noted above,
few carbides were present on most grain boundaries and this may improve the grain boundary
resolution. It may also suggest a lower degree of plastic strain near the boundaries in this
material versus the 26%CR ANL material. Misorientation maps revealed strong gradients in the
misorientation boundaries as shown in Figure 5.37, just as in the case for the ANL cold-rolled
material. The misorientation profile included in Figure 5.37 gives an idea of the variation in
plastic strain within the grain. Inverse pole figure maps are shown in Figure 5.38 along with the
misorientation boundaries down to 0.75° superimposed to highlight the relationship between
relatively undeformed regions versus those with large strain gradients. The high density of
misorientation boundaries is not surprising given the 20% cold-rolled condition of this material.
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Figure 5.34 SEM micrograph showing void damage near carbides in 20%CR GEG alloy
690 (heat B25K).

Figure 5.35 SEM backscatter images show a highly deformed grain structure with few
visible carbides on the grain boundaries, but moderate density of large TiN
particles, in the 20%CR GEG alloy 690 plate material (heat B25K).
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Figure 5.36 Pattern Quality map exhibits more sharply defined grain boundaries in the
GEG 20%CR plate material, presumably because of the lower density of
carbides on the boundaries and possible lower localized strain.
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Figure 5.37 Misorientation axis map for GEG material: Blue and red boundaries indicate
rotation in the rolling direction, that is, axis of rotation is the sample normal
(N). Misorientation profile across grain in lower left hand region (black
arrow) shows the degree of misorientation from the less deformed matrix
region to the grain boundary.
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Figure 5.38 Inverse pole figure map (Transverse direction) for GEG material: Non-
uniform colors indicated lattice rotation across grains. Boundary map shows
boundaries with regions of greater than >0.75°misorientation.

Focused lon Beam Sample Preparation and TEM Characterization of Grain Boundary Damage

Site-specific TEM sample preparation was accomplished using focused ion beam (FIB) milling
in order to isolate grain boundary orientations in relation to the rolling direction and examine
cracking along the decorated M,3Cg carbides. Samples near the SCC fracture surface plane for
the ANL and GEG cold-rolled materials were prepared to a 1-uym grit polish and then examined
in the FIB (Figure 5.39a). The grain boundary contrast is apparent due to the high density of
M,3Cs carbides decorated along each boundary (5.39a and b). Grain size was ~ 50-100 ym in
diameter and grains were slightly elongated with the rolling direction. In order to assess the
extent of cracking and correlate it to the rolling direction, an area of interest (Figure 5.39b) was
chosen across an isolated grain boundary.

Two different sample orientations (Figure 5.39c) were prepared, normal and 45° to the grain
boundary, in order to collect different projections of the carbides as well as examine possible
cracking. A Pt strap, ~1-2 ym deep, was deposited via gas injection system (GIS) (Figure 5.40a)
in order to protect the sample surface during trench milling (Figure 5.40a). Trenches milled on
either side of the sample using progressively smaller beam currents (from 6 pA to 480 pA)
allowed for grain boundary contrast within the sample to be observed as demonstrated in Figure
5.40(b). As well, the mottled appearance on either side of the grain boundary suggests high
strains within the material. Figure 5.40(b) illustrates the relationship of the grain boundary
orientation to the projection of the grain boundary in Figure 5.39(b). Finally, once the sample is
thinned to ~1-2 um thick, it is removed from the bulk by means of making a U-cut (Figure 5.40c)
after which it is attached to a Cu TEM grid (Figure 5.40d) where it is milled to electron
transparency. The contrast of the decorated carbides is used as a reference point for thinning.
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Figure 5.39 SEM micrographs of ANL 26%CR alloy 690 plate material with grain
boundaries decorated with a high density of Mj3Cs carbides: (a) Low
magnification image illustrating the extent of the carbide decoration
throughout the sample, (b) High magnification image with dashed box
indicating location of FIB sample preparation across carbided grain
boundary and (c) High magnification image illustrating two different sample
orientations prepared via FIB in order to examine cracking at My3Cs
interfaces. Orientation 1 is normal the grain boundary and Orientation 2 is
45° to the grain boundary.

The detailed characterization of rolling-induced damage by high-resolution SEM was described
in the previous sections and additional SEM results on the FIB samples will not be given. lItis
important to note that the degree of damage varied considerably among different grain
boundaries and no consistent relationship to the rolling direction was discovered. TEM was
employed to investigate grain boundary damage in the cold-rolled alloy 690 at higher
resolutions, however this technique limits the areas and number of boundaries that can be
characterized. General conclusions were the same for the type of damage in the cold-rolled
plates. Both IG voids and cracked carbides routinely observed in FIB samples of the ANL
material, while very few voids and cracked carbides were seen in the GEG material.
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Figure 540 SEM micrographs of ion milled sections around selected area for TEM
preparation. a) lon milling trenches illustrate how sample is isolated from
remainder of the bulk. b) Composite SEM image showing surface region
from Figure 5.39 overlayed with an image showing side of TEM sample
which illustrates the orientation of the grain boundary in the final sample. c)
U-cut is made underneath the sample to partially free it from the bulk. d)
Sample removed from bulk, rotated 180° from b), and attached to a Cu TEM
grid for final milling. A grain boundary decorated with carbides is present in
the middle of the sample.

Typical examples for voids at the grain boundary carbide interfaces or cracks in the My;Cs
carbides in the ANL material are shown in Figures 5.41, 5.42 and 5.43. The large amount of
mottled contrast in both the bulk and carbides in Figure 5.41 also indicates large amounts of
strain within the material. The carbides are coherent to the matrix (Figure 5.41b) and cracking
between the carbides appears to be in-line with the rolling direction (Figure 5.42a).
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Figure 5.41 TEM micrograph montages of the 26%CR ANL alloy 690 sample illustrating
M23Ce carbides along a grain boundary. Top image: Sample taken normal to
the grain boundary illustrating cracking between M»3;Cg carbides along the
grain boundaries. Bottom image: Sample taken 45° to the grain boundary
showing mottled contrast in the bulk and carbide grains indicating high
amounts of strain in the sample. The diffraction pattern (inset) from the
selected area illustrates that the carbide is oriented in the [112] on the left
grain.

Figures 5.42 and 5.43 are scanning TEM (STEM) brightfield images with accompanying
elemental EDS maps of two different regions along the grain boundary illustrating two different
forms of cracking. Similar to cracking in Figure 5.41, it is difficult to ascertain whether cracks are
between carbides or in the carbides themselves in Figure 5.43. The STEM brightfield image in
Figure 5.42 clearly illustrates that the cracking occurs within a single carbide. As noted in
Figure 5.41, large amounts of strain in the STEM brightfield images in Figures 5.42 and 5.43 are
observed.
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Figure 5.42 STEM brightfield micrograph and elemental maps of the 26%CR ANL alloy
690 illustrating cracks adjacent to M»3Cs carbides that decorate the grain
boundary (sample taken normal to boundary). An increased signal for most
elements can be seen as a vertical line in the EDS maps as well as a dark
line in the STEM image due to specimen thickness differences.

A

Rolling Direction

Figure 5.43 STEM brightfield micrograph and elemental maps from the 26%CR ANL
alloy 690 illustrating cracks adjacent to M,3Cg carbides that decorate another
grain boundary (sample taken normal to boundary). The rolling direction has
been noted in the STEM image.
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The FIB TEM samples prepared from the 20%CR alloy 690 material from GEG contain only
isolated |G carbides consistent with the SEM results described earlier. Although extremely high
dislocation densities are present near the grain boundaries, there is no evidence for IG voids or
cracks in the limited regions examined. Figure 5.44 illustrates the cross-section of a single, large
carbide in the sample prepared normal to the grain boundary. The boundary was oriented along
the rolling direction plane and no voids or cracks were found associated with the carbide
particle. Observations from a second FIB-TEM sample prepared at 45° to the grain boundary
are shown in Figure 5.45. Although the FIB sample is rather thick, a thin M,3Cs carbide was
identified at the left side of the image. This is better shown in the Cr composition map and a
very thin layer of enriched Cr continues for some distance along the boundary. It seems most
likely that this enrichment (and matching Ni and Fe depletion) results from the presence of a
M,3Cs carbide layer. This grain boundary was inclined to the rolling direction and again no
permanent damage (voids or cracks) was detected. As noted above, much more detailed TEM
work is needed to properly define grain boundary characteristics in these materials but such
examinations have been beyond the scope of the project. Because of the expanded interest in
high-resolution characterizations of SCC crack tips within NRC project N6925, some additional
work is being performed on the CR alloy 690 plate materials. Preliminary crack and crack-tip
examinations are described in the following section.
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~
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Figure 5.44 STEM image and elemental maps of a grain boundary region for FIB-TEM
sample taken across a grain boundary along the rolling direction in the
20%CR GEG sample. An isolated M,3C¢ carbide is seen adjacent to the
grain boundary.
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Figure 5.45 STEM image and elemental maps from a second FIB-TEM sample taken
45° to a grain boundary along the rolling direction in the 20%CR GEG
sample. The Cr composition map suggests that a thin, IG Cr carbide is
present. High-resolution imaging was not possible due to sample thickness.

Summary of CR Damage Characterizations and Comparisons to CR CRDM Materials

Damage microstructures measured for the 26%CR ANL (heat NX3297HK12) and 20%CR GEG
(heat B25K) plate materials are briefly summarized in Table 5.3 along with microstructure and
hardness information from Table 5.2. Once again, characterization results for the 30%CR alloy
690 CRDM materials (heat RE243) are added for comparison. The 26%CR ANL plate showed
the highest degree of permanent damage among the CR materials examined although roughly
similar to the 30%CR alloy 690TT CRDM tube. Between these two heavily damaged materials,
the ANL material had more extensive cracking of IG carbides and IG/TG TiN particles along with
a similar distribution of IG voids. This damage is consistent with the higher density of grain
boundary carbides in these materials. The low density of well-spaced carbides on the majority of
grain boundaries in the 20%CR GEG plate resulted in a much lower number of IG voids or
cracked particles overall. However, selected grain boundaries with more closely spaced
carbides did show significant permanent damage. The difference was simply that most grain
boundaries outside a compositional banded region had a limited number of IG carbides and only
isolated observations of an |G cracked particle or void. Finally, the 30%CR alloy 690CM CRDM
material exhibited the least permanent damage due to the removal of nearly all carbides from
grain boundaries during the solution anneal treatment.
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Table 5.3  Microstructure, CR damage and hardness for selected CR alloy 690
materials.
Sample Microstructure CR-Induced Damage Hardness
(2-TT) PNNL Semi-continuous (small discrete + Moderate density of voids
CRDM alloy 690TT cellular) carbides on GBs plus Cr and cracked carbides on 300
30%CR; Test depletion, few TiN at GBs and in GBs, few cracked TiN in kg/mm2
sample CT022 matrix; slightly elongated grains matrix
(2 - CM) PNNL Few carbides and well-spaced TiN | Few voids at triple points, no
CRDM alloy N Lo i 290
o . on GBs, few TiN in matrix; slightly cracked particles on GBs, 2
690CM 30%CR, elongated grains few cracked TiN in matrix kg/mm
Test sample CT023
(4) GEG plate allo Well-spaced carbides on most GBs, Low density of voids or
o b ) y higher density in banded areas, TiN cracked particles on GBs, 307
690 20%CR; Test . o . o 2
at GBs and in matrix, slightly higher density in banded kg/mm
sample CT037 . o .
elongated grains areas, cracked TiN in matrix
Semi-continuous carbides and TiN . .
(5) ANLopIatg alloy on GBs, no banding in SCC plane, Moderate density pf voids 315
690 26%CR; Test TiN strinaers in matrix. sliahtl and cracked carbides on ka/mm?2
sample CT036 9 X SNty GBs, cracked TiN in matrix 9
elongated grains

5.3 SCC Tests on the Cold-Rolled Alloy 690 Plate Materials

As described in Section 5.1, alloy 690 plate was obtained from ANL in the 26%CR condition and
from GEG in the 20%CR condition. Specimens CT036 and CT037 were machined so that SCC
tests could be performed evaluating crack-growth response in S-L orientation. When these tests
were started, some information on the expected SCC propagation response was available. In
particular, GEG had reported very high growth rates during final transitioning and constant K for
the 26%CR ANL plate and moderate rates for their own 20%CR plate. An overview of the entire
PNNL test is presented in Figure 5.46 and detailed data for each phase of the test is given in
Table 5.4. Similar response for the two CR plate specimens was observed during initial
transitioning at 325°C and 29 cc/kg H,. Measured rates during gentle cycling at 0.001 Hz and
R=0.7 were lower than expected for the ANL material, so R values were decreased first to 0.6
and then to 0.5 as shown in Figure 5.47. While the propagation rates increased with decreasing
R values, very little difference was detected between the ANL and GEG materials even when a
hold time of 2.5 h was added. Additional transitioning steps were performed in phase 11
through 17 (see Table 5.4), but did not show enhanced crack growth. The decision was made to
increase the test temperature to 360°C at ~1670 h and adjust the dissolved hydrogen
concentration to 25 cc/kg (at the predicted Ni/NiO stability line). Increasing the temperature to
360°C caused an immediate ~1.4X increase in growth rate during 0.001 Hz cycling (R = 0.7). A
2.5-h hold was subsequently added, causing the growth rate to initially drop by a factor of 5X,
but as the test progressed under cycle + hold loading, the growth rate was observed to increase
from its initial value by a factor of ~2X for both materials. The test was converted to constant K
at ~2900 h as shown in Figure 5.48. SCC growth rates increased slightly with time and reached
corrected values of 6.3 and 4.5x10® mm/s for the ANL and GEG materials, respectively. This
test was ended after ~1200 h at constant K and samples were cross-sectioned for crack-tip
characterizations (Chapter 6) and fractured for crack length and K corrections.

5-38



CT036 & CT037 CGR, 0.5T CT ANL Alloy 890 26% CR 5-L, GE Alloy 690 20% CR S-L
325-360°C, 25-34 MPay/m, 1000 ppm B, 2.0 ppm LI, 25-29 ec/kg H;
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Figure 5.46 Overview of SCC test for ANL-CT036 (heat NX3297HK12) and GEG-CT037
(heat B25K) alloy 690 specimens.
Table 5.4  Corrected results for ANL and GEG 1D CR S-L alloy 690 (CT036 & CT037).
Water ANL ANL690 ANL690 GEG690 GEG690 GEG690
Test Duration Freq Hold Chemistry Temp Kmax 26% S-L  Extension Kmax 20% S-L  Extension
Phase (h) R (Hz) (h)  Conditions  (°C) (MPaVym) (mm/sec) (mm)  (MPavm) (mm/sec) (mm)
1 ~3 0.3 5 0 airprecrack RT 21.2 8.9E-05 0.62 21.0 7.0E-05 1.62
2 ~2 0.5 5 0 airprecrack RT 23.2 5.7E-05 0.41 23.0 4.7E-05 0.41
3 ~2 0.6 5 0 airprecrack RT 25.5 4.4E-05 0.41 251 3.7E-05 0.41
4 ~3 0.7 5 0 airprecrack RT 25.5 2.4E-05 0.23 251 2.1E-05 0.23
5 69 0.7 0.1 0 29cc/kgH, 325 25.8 1.3E-06 0.268 25.4 1.4E-06 0.268
6 145 0.7 0.01 0 29cc/kgH, 325 26.0 4.3E-07 0.158 25.7 3.7E-07 0.158
7 103 0.7 0.001 0 29cc/kgH, 325 26.0 9.8E-08 0.033 25.9 1.1E-07 0.033
8 50 0.6 0.001 0 29cc/lkgH, 325 26.0 2.0E-07 0.035 25.9 1.9E-07 0.035
9 168 0.5 0.001 0 29cc/kgH, 325 26.2 3.4E-07 0.187 26.0 3.7E-07 0.187
10 91 0.5 0.001 25 29cc/lkgH, 325 26.3 7.3E-08 0.026 26.2 6.5E-08 0.026
11 145 0.7 0.001 0 29cc/kgH, 325 26.3 8.6E-08 0.052 26.2 1.0E-07 0.052
12 168 0.5 0.01 0 29 cc/kgH, 325 27.2 1.1E-06 0.717 26.3 1.2E-06 0.717
13 84 0.7 0.01 0 29 cc/kgH, 325 27.3 3.5E-07 0.106 27.2 4.0E-07 0.106
14 245 0.7 0.001 0 29 cc/kgH, 325 27.4 9.5E-08 0.082 27.4 1.0E-07 0.082
15 143 0.7 0.001 0 29 cc/kgH, 325 27.5 7.0E-08 0.041 27.5 6.9E-08 0.041
16 147 0.7 980/20 0 29cc/kgH, 325 27.5 6.1E-08 0.031 27.6 5.7E-08 0.031
17 120 0.7 0.001 0 29cc/kgH, 325 27.5 8.7E-08 0.038 27.6 6.5E-08 0.038
18 337 0.7 0.001 0 25cc/kgH, 360 28.3 3.3E-07 0.323 27.8 2.0E-07 0.323
19 119 0.7 0.001 0 25cc/kgH, 360 ->32.1 4.9E-07 0.180 ->31.4 3.0E-07 0.180
20 114 0.7 0.001 0 25 cc/kg H, 360 321 3.7E-07 0.157 31.4 2.5E-07 0.157
21 674 0.7 0.001 25 25cc/kgH, 360 33.0 1.6E-07 0.282 31.7 8.7E-08 0.282
22 1225 --- ConstK --- 25cc/kgH, 360 33.8 6.3E-08 0.255 32.0 4.5E-08 0.255
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CT036 & CTO37 CGR, 0.5T CT ANL Alloy 690 26% CR 5-L, GE Alloy 690 20% CR S-L
325°C, 25 MPavm, 1000 ppm B, 2.0 ppm LI, 29 cc/kg H;
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Figure 5.47 Initial transitioning for ANL (CT036) and GEG (CT037) specimens at 325°C.

CTO036 & CTO37 CGR, 0.5T CT ANL Alloy 690 26% CR 5-L, GE Alloy 690 20% CR S-L
360°C, 27.5 MPavm, 1000 ppm B, 2.0 ppm LI, 25 oc/kg H,
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Figure 5.48 Constant K response for ANL 26%CR (CT036) and GEG 20%CR (CT037)
alloy 690 plate specimens at 360°C.
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As noted above, multi-laboratory testing has been conducted on these plate heats (26%CR ANL
and 20%CR GEG). Similar growth rates were found at GEG, SERCO and PNNL for the 20%CR
GEG heat, but higher rates were documented for the 26%CR ANL heat at GEG [Ref. 17] and
SERCO [Ref. 18] versus those measured at ANL [Ref. 16] and PNNL. The reported propagation
rates for the 26%CR ANL heat are shown in Figure 5.49. Although the starting plate material
was identical and supplied by ANL, GEG indicated [Ref. 17] that their test material exhibited
compositional and microstructural banding with regions of fine grains and high carbide densities.
Detailed optical and SEM characterizations on the CR ANL plate received at PNNL were
described earlier in Section 5.1 to address this issue. The PNNL CT specimen (CT036) crack-
growth plane revealed a homogeneous microstructure and there was no evidence for banding in
this location within the ANL plate. However, evidence for compositional and microstructural
banding was found in other locations within the ANL plate thickness as shown in Figures 5.2
and 5.3. If GEG machined their 0.5T CT specimens from one of these locations, it may explain
their higher measured SCC propagation rates. The importance of compositional-microstructural
banding on IGSCC susceptibility of alloy 690 in PWR primary water remains unclear and
additional work on well-characterized materials is needed. A summary of recent SCC crack-
growth measurements on alloy 690 materials is presented in Figure 5.50 showing the
detrimental effects of unidirectional cold rolling. The original data reported by Bettis [Ref. 5] is
added to the plot in Figure 5.51 illustrating that their SCC propagation rates remain consistently
higher than nearly all other alloy 690 heats tested so far. It is not known at this time why certain
CR heats exhibit this higher SCC susceptibility and supports the need for further research.

= Alloy 690 CGR vs K
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Figure 5.49 Comparison among reported SCC growth rate measurements at either
constant K or constant load for the 26%CR ANL alloy 690 plate (heat
NX3297HK12). Data for ANL, GEG and SERCO is from references 16, 17
and 18, respectively.
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Figure 5.50 Summary of constant K crack-growth results for alloy 690 CRDM and plate
heats highlighting more recent data on 1D cold-rolled materials. Data from
ANL, GEG and SERCO are from references 16, 17 and 18, respectively.
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Figure 5.51 Summary of all constant K crack-growth results for alloy 690 CRDM and

plate heats including the Bettis data identifying the detrimental effects of 1D
rolling and tensile straining. Data from Bettis, ANL, GEG and SERCO are
from references 5, 16, 17 and 18, respectively.
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5.4 Cold Rolling Effects on Microstructure and SCC

Comparisons among the highest CR materials in Table 5.5 below can provide insights on what
CR-induced microstructural features promote IGSCC in the alloy 690 material. The CR alloy
690CM materials exhibit a much lower density of grain boundary cracked carbides and voids
simply due to the fact that the solution anneal and water quench removed nearly all IG carbides.
Similar moderate-to-high SCC crack growth for the 31%CR alloy 690TT CRDM and the ANL
26%CR alloy 690 plate materials is consistent with the high density of IG carbides (plus Cr
depletion), grain boundary voids, and cracked carbides. However, the biggest inconsistency is
the SCC response for the GEG 20%CR alloy 690 plate material. Rates are only slightly less
than for the most extensively cold-worked examples, i.e., the 31%CR CRDM and 26%CR ANL
materials. The surprising aspect is that the GEG material has a very low density of grain
boundary carbides, no Cr depletion and limited void and cracked carbide damage. Its
permanent damage characteristics are most similar to the CRDM CR alloy 690CM material and
far from the CRDM CR alloy 690TT and the ANL CR alloy 690 materials. Moderate-to-high SCC
propagation rates in this heat do not support the potential detrimental effects of grain boundary
carbides. This particular material exhibited compositional banding perpendicular to the SCC
crack-growth plane and isolated boundaries sections did have IG carbides. More detailed
characterization of the SCC crack morphologies and interactions with microstructural features
will be presented and discussed in Chapter 6 to help develop a better understanding of factors
controlling IGSCC susceptibility in CR alloy 690.

Table 5.5  Microstructure, CR damage and SCC rates for alloy 690 tested at PNNL.
PNNL
Sample Microstructure CR Damage CGRs
Semi-continuous (small discrete + | Moderate density of -8
(azllngng"I}l'll'\lgO%/RCDRM cellular) carbides on GBs plus Cr voids and cracked 1.rﬁ)r(n1/2
Tegt sample CT0022’ depletion, few TiN at GBs and in carbides on GBs, few (T-L)
P matrix; slightly elongated grains cracked TiN in matrix
(2 - CM) PNNL Few carbides and well-spaced TiN Few voids at triple 1 0x10°
CRDM alloy 690CM on GBs with no Cr depletion, few points, no cracked 'mm/S
30%CR; Test sample TiN in matrix; slightly elongated particles on GBs, few (T-L)
CT023 grains cracked TiN in matrix
(3-TT) PNNL CRDM B 4-8x10°
alloy 690TT 31%CR; |  Asfor CT022 (2-TT)above | A9 C1022 (2=TT) 118 s
Test sample CT038 (S-L)
(3 - CM) PNNL 5-9%10°
CRDM alloy 690CM As for CT023 (2 -CM
31%CR,; Te)s/t sample As for CT023 (2 -CM) above above( : g(rgT/)S
CT039 )
Well-spaced carbides on most Low densitv of voids
(4) GEG plate alloy GBs with no Cr depletion, higher isolated gracked ' | 4.5x10®
690 20%CR; Test IG and TG carbide density in carbides on GBs mm/s
sample CT037 ‘panded” areas, TiN at GBs and in cracked TiN in mat’rix (S-L)
matrix, slightly elongated grains
Semi-continuous discrete carbides | Moderate density of -8
(65360\2%;5‘[5 .?.g(g and TiN on GBs plus Cr depletion, voids and cracked 6.rg)r(n1/2
sam Ie(;) CT1036 TiN stringers in matrix, slightly carbides on GBs, (S-L)
P elongated grains cracked TiN in matrix
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6 Characterization of SCC Cracks and Crack Tips

6.1 Background for SCC Crack-Tip Characterizations

The fundamental basis for mechanistic understanding and modeling of SCC remains in question
for many systems. Specific mechanisms controlling SCC can vary with changes in alloy
characteristics, applied/residual stress, or environmental conditions. Local crack electro-
chemistry, crack-tip mechanics, and material metallurgy are the main factors controlling crack
growth. The local crack conditions, especially at the tips, are difficult or impossible to measure in
actively propagating cracks. Nevertheless, it is essential to quantitatively interrogate the crack-
tip conditions if mechanistic understanding is to be obtained. The present approach of post-test
crack characterization is an attainable step in this process.

A major recent advance has been the ability to investigate SCC cracks and crack tips using
analytical transmission electron microscopy (ATEM). ATEM enables the characterization of
trapped solution chemistries, corrosion product compositions and structures, composition
gradients, and defect microstructures along the crack walls and at the crack tip. A wide variety
of methods for imaging and analyses at resolutions down to the nanometer scale and below can
be used to examine the crack and corrosion film characteristics. A critical aspect of this analysis
technique has been the development of sample preparation methods in which the crack
corrosion products are protected during the ion-thinning process by embedding the cracks with
a low-viscosity thermoplastic resin. This capability combined with modern ATEM techniques has
enabled new insights into corrosion processes occurring at crack tips and is being used to
identify mechanisms controlling SCC in service components. Many overview papers have been
published [Refs. 19-24] and illustrate the unique information that can be produced. A key part of
the work at PNNL has been direct comparisons between service components with cracks
produced under complex conditions and well-controlled laboratory test samples.

Prior work at PNNL has examined cracked components removed from BWR [Refs. 25-27] (i.e.,
stainless steel piping, core shroud and top guide materials) and PWR [Refs. 28-36] (stainless
steel baffle bolts and pressurizer, alloy 600/182 upper head penetrations and numerous alloy
600 steam generator tube materials) service. In addition, many high-resolution examinations
[Refs. 23,28,29,34,37,38] have been performed on laboratory SCC samples tested in BWR and
PWR environments. The objective of this section is to highlight new results focused on SCC
cracks in the cold-rolled alloy 690 materials produced during laboratory crack-growth tests as
part of this project. In collaboration with other projects at PNNL, extensive SEM and TEM
characterizations have been performed on selected crack-growth test samples and will be
reported here.

Characterization results on three SCC test samples are described: (1) CT022 - 30%CR CRDM
alloy 690TT, (2) CT036 - 26%CR ANL alloy 690 and (3) CT037 - 20%CR GEG alloy 690. In
each case, the CT specimen was sectioned enabling metallographic cross-sections to be
prepared containing the crack from the initial precracking to the final IGSCC phases of the tests.
The focus for all of these cross-sections was for ATEM exams of the deepest crack tips after ion
milling, but the preparation sequence enabled SEM characterizations of both primary and
branched secondary cracks. These SEM crack examinations link directly with the detailed
results already presented in Sections 4.3, 5.1 and 5.2 on the grain boundary damage produced
by cold rolling.



6.2 Scanning Electron Microscopy Examinations of SCC Cracks and Crack Tips

30%CR CRDM alloy 690TT: Specimen CT022

Examples of the IG cracks observed in the 30%CR CRDM alloy 690TT specimen cross-sections
are presented in Figures 6.1 to 6.4. All of these SEM analyses were recorded from thin TEM
foils being prepared to examine the leading SCC crack tips. Figure 6.1 presents a lower
magnification backscatter contrast image of the leading crack tips, while higher magnification
images and EDS mapping are given in Figures 6.2 and 6.3, respectively. The leading crack tips
are predominately 1G, with high strain contrast around the tips. Figures 6.2(a) and (b) are higher
magnification images of the leading IG crack tip in Figure 6.1. The crack has propagated along
the grain boundary and around the M,3Cg carbides. It is important to note that the crack path
has not been seen to link cracked carbides, but remain on the grain boundary around one side
of the carbides. In most cases, the propagating IGSCC crack appears to temporarily blunt when
it intersects a preexisting cracked carbide resulting in a short TG extension. The I1G nature of the
SCC path is illustrated in Figures 6.2(c) and (d). Figure 6.2(c) shows the crack bifurcating at a
triple point and continuing on along grain boundaries, while Figure 6.2(d) shows a crack
following the migrated grain boundary around cellular carbides (image is rotated from Figure
6.1). This is a good example where the SCC crack does not preferentially link preexisting
cracked particles, since many of the cellular carbides are cracked but the SCC follows the grain
boundary around these features.

Cellular .~

Figure 6.1 SEM backscatter micrograph of a crack-tip region in crack-growth sample
CT022 for 30%CR CRDM alloy 690TT (heat RE243).



5ium

Figure 6.2  SEM micrographs (SE and backscatter) of thin TEM foil illustrating crack

growth tips in 30%CR CRDM alloy 690TT (CT022) from select regions in
Figure 6.1.

Significant Cr depletion is observed within the cellular carbide precipitation structures. An
example of the compositional variations in the cellular carbides and the SCC crack wall is
illustrated in Figure 6.3. The matrix regions between the cellular Cr carbides were found to have
Cr levels down to ~20 wt%. These composition maps also indicate that the crack walls contain
Cr-rich, Ni/Fe-poor oxide.



Figure 6.3 SEM elemental maps of thin TEM foil showing crack growth around a
cellular carbide region in the 30%CR CRDM alloy 690TT CT022 specimen.

High magnification SEM images of various crack tips are presented in Figures 6.4 and 6.5.
These include both leading (deepest in the cross-section) and secondary SCC tips (behind the
crack front). A highly complex corrosion/oxidation structure can be seen around the various
crack tips. Figure 6.4(a) is a backscatter electron image of a secondary crack that ended after
reaching a grain boundary triple point. Whereas the apparent open crack tip has stopped in the
middle of the sample, the dark tunnel-like contrast moving around the carbides is Cr-rich oxide.
Penetrative oxidation into the alloy 690 matrix is also observed off the crack walls. These SEM
images were taken at low accelerating voltages (3-5 kV) and the interaction volume is very low
(50-100 nm), enabling the nanometer-scale oxide filaments in the metal to be appear as mottled
contrast. At higher accelerating voltages normally used, these fine structures could not be
resolved due to the increased interaction volume. Figures 6.4(b,c) are leading crack tips, and
also show IG growth as well as penetrative oxide attack emanating from the sidewalls (dark
tunnel-like contrast) shown in Figure 6.4(c). The leading crack tip is moving along the grain
boundary to one side of these carbides. Many small voids are observed next to cellular
carbides, but these are not connected to the IGSCC crack path. Penetrative crack wall oxidation
is found behind the leading crack tip and a shallow TG crack is formed through this region. A
lower magnification image of another leading crack in the cross-section is presented in Figure
6.4(d) and it propagates around a cellular carbide region before ending at a triple point. Once
again, the SCC crack is predominately IG with occasional locations where short TG extensions
can be seen. A final crack-tip example for the 30%CR CRDM alloy 690TT material is given in
Figure 6.5. The higher magnification image shows the SCC crack ending in a region adjacent to
a grain boundary with M»3Ce particles. Close examination suggests the crack has propagated
into the wall oxidation structure. Much more detailed characterizations of this complex crack-
wall oxidation structure are described in the following sections.
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Figure 6.4  SEM backscatter micrographs of various SCC tips (secondary and primary)

in 30%CR CRDM alloy 690TT specimen CT022.

26%CR ANL Alloy 690 Plate: Specimen CT036

Because of the high interest in the 26%CR ANL alloy 690 and testing at multiple laboratories,
several cross-sections were prepared from specimen CT036 for detailed SEM and TEM
characterizations of the SCC crack and crack-tip characteristics. Data was collected both from
metallographically polished specimens as well as ion-milled TEM disks. Figures 6.6 to 6.10 are
representative SEM (SE and backscatter) micrographs of SCC growth morphologies in the
26%CR ANL alloy 690 plate material. While IG crack growth was primarily seen during the final
SCC stages of the crack-growth testing, TG cracking was also observed in these samples. As
will be shown, the high density of grain boundary cracked carbides and voids in this material
(described in Section 5.2) did not appear to directly influence SCC propagation. The penetrative
crack wall oxidation documented in the 30%CR CRDM alloy 690 was also present along crack
walls in these samples.
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Figure 6.5  SEM backscatter micrographs of a leading SCC tip in 30%CR CRDM alloy
690TT specimen CT022.

The backscatter micrograph montage in Figure 6.6 illustrated the highly branched SCC cracking
from a leading crack tip to ~500 um behind the crack front. This corresponds to the last stages
of the crack-growth test under cycle + hold and constant K conditions (see Section 5.3). There
is a large amount of strain contrast around the cracked regions as well as surrounding grains
corresponding to the 26%CR process and deformation during SCC propagation.

The SCC growth path in most cases was |G, however minor TG cracking was found in many
locations. Several areas well behind the leading crack front are shown in Figures 6.7 and 6.8
with secondary cracks appearing both as |G (Figure 6.7a) and TG (Figure 6.7b,d). Crack
openings narrowed from micrometer to nanometer dimensions along the crack length to the
SCC tips. The open cracks contained particulate oxides including smaller MO-structure oxide
(Figure 6.8a, Ni rich) and larger oxide spinels (Figure 6.8b, Fe/Ni rich). A continuous oxide layer
was not discovered on the crack walls, but penetrative oxidation is observed going into the alloy
matrix from crack walls.
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Figure 6.6 = SEM backscatter micrograph montage showing SCC cracks in cross-section
for the 26%CR ANL alloy 690 specimen CT036.
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Figure 6.7 Low magnification SEM backscatter micrographs of various cracks and
secondary crack tip regions in 26%CR ANL alloy 690 specimen CT036.
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Figure 6.8  Higher magnification SEM backscatter micrographs of open cracks and
crack walls in 26%CR ANL alloy 690 specimen CT036.

The interaction between propagating SCC cracks and carbides (either damaged or intact) can
more clearly be visualized in Figures 6.8(c), 6.9 and 6.10. All of these images illustrate open
SCC cracks intersecting carbides without significant oxidation or corrosion of the Cr carbide. By
comparison, penetrative wall oxidation into the alloy 690 matrix can be seen. Careful
examination often reveals shallow TG cracking through the wall oxidation near the carbide
interfaces as shown in Figure 6.9.

The influence of pre-existing cracked carbides on IGSCC propagation is indicated by the
micrograph in Figure 6.10. In the lower magnification image, carbides are all on one side of the
open crack and the SCC path follows the higher energy grain boundary versus the lower energy
carbide/matrix interface. This was a common observation throughout and is consistent with the
previous results for the 30%CR alloy 690TT CRDM specimen. Of more interest is the crack path
illuminated in Figure 6.10(b). The SCC crack has propagated adjacent to a carbide along the
grain boundary and there is no apparent interaction with pre-existing cracks in the carbides. A
lower magnification image of this area, with corresponding EDS elemental maps, is observed in
Figure 6.11. These images highlight the movement of the crack in relation to the distribution of
M,3Cs carbides as well as the spaced TiN particles that were present along the grain boundary
in this region. The carbides and nitrides are again located on one side of the IGSCC crack.
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Figure 6.9  SEM backscatter micrographs of open crack walls in 26%CR ANL alloy 690.
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Figure 6.10 High magnification SEM backscatter micrographs of open crack walls in
26%CR ANL alloy 690 specimen CT036.

6-9



Figure 6.11 SEM backscatter micrographs of an open IGSCC crack and grain boundary
precipitates along one wall in the 26%CR ANL alloy 690 specimen CT036.

The leading crack tips in the 26%CR ANL alloy 690 cross-section samples had both TG
(Figures 6.12 and 6.13) and IG (Figures 6.14 and 6.15) morphologies. As was seen in the
30%CR CRDM alloy 690 specimen, cracks that appeared to be following an IG path were often
observed to propagate a short distance off the grain boundary at crack tips. The first example of
a TG tip is presented at higher magnifications in Figure 6.12. This crack tip appeared bifurcated
and blunted in the cross-section, ending in a region of extremely high deformation/strain. The
SCC crack was following an IG path until the last few micrometers and then branched TG as
shown in Figures 6.12(a) and (b). This may have occurred due to the orientation of the grain
boundary with respect to the growth plane for the side-grooved CT specimen. A better indication
of this boundary orientation change can be seen in the lower magnification SEM/EDS elemental
maps for this crack region in Figure 6.13. The Cr and Ti maps also document the grain
boundary carbide and nitride distributions. Shallow penetrative oxidation is present off the IG
and TG crack walls and extends to the tip region as illustrated in Figure 6.12(c).

A good example of an IGSCC crack ending in an IG tip is presented in Figure 6.14. The low
magnification image demonstrates again how the crack moves along the grain boundaries with
M,3Ce carbides all to one side of the crack wall. At higher magnification (Figures 6.14b,c), the
crack can be seen to have stopped in this cross-section at the carbide interface with the
substantial penetrative wall oxidation to the tip region. Several shallow TG cracks have formed
through the oxide depth, but no propagation is seen into the non-oxidized alloy 690 matrix. This
deep penetrative wall oxidation is not observed at all SCC tips and may indicate the difference
between a static, non-growing crack versus an active, rapidly growing one. The depth of wall
penetrative oxidation would then scale with the time exposed to PWR primary water in the SCC
crack. An example of what might be an active propagating crack is shown in Figure 6.15 where
the IG crack approaching the tip is tight and ends at a grain boundary carbide. In this case,
there was very little penetrative crack wall oxidation resolved by SEM even at distances several
micrometers behind the tip. Differences in penetrative oxidation among various SCC tips will be
discussed in more detail during TEM examinations described in Section 6.3.
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Figure 6.12 SEM backscatter micrographs of a SCC crack tip in the 26%CR ANL alloy
690 specimen CT036: (a) lower magnification showing an open IG crack
ending in a highly branched tip region with a TG (b) and IG (c)
characteristics.
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Figure 6.13 Lower magnification SEM backscatter micrograph and compositional maps
showing the open IGSCC crack in specimen CT036 from Figure 6.12.
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Figure 6.14 SEM backscatter micrographs of open IG crack (a) ending at a rather blunt
IG crack tip (b,c) with penetrative wall oxidation in the 26%CR ANL alloy 690
specimen CT036.
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Figure 6.15 High magnification SEM backscatter micrographs of an IG crack tip in the
26%CR ANL alloy 690 specimen CT036.

Several TEM cross-section specimens of the 26%CR ANL alloy 690 specimen CT036 were also
prepared by ion milling. These thin samples often enable higher resolution SEM examinations,
but exhibit areas of milling damage that must be recognized. The milling of a mechanically
dimpled region ahead of the SCC crack front will produce a hole in the foil and may “open up”
selected cracks. The SCC cracks can be seen to be highly branched in Figures 6.16 and 6.17,
moving in and out of the cross-section plane during the final ~0.5 mm of SCC growth. The
overall crack growth morphology is IG with high amounts of strain in the surrounding matrix
grains. Higher magnification micrographs of the identified crack tip regions in Figure 6.17 are
examined in Figure 6.18. Regions 1 and 3 contain reasonably tight IG cracks (Figure 6.18a,c),
while the center of region 2 has been opened during ion milling for TEM examination (Figure
6.18b). Tip region 4 is a location ~200 um behind the leading crack tip and Figure 6.18(d) shows
a tight secondary crack containing oxide particles. IGSCC tips in region 2 are elucidated at
higher magnifications in Figure 6.18. The dark blocky shape at the tip in Figure 6.19(b) was a
hole created during final milling and suggests that the SCC crack ended at the grain boundary
carbide interface. Interestingly, the other region 2 tip reveals a stepwise crack appearance along
the grain boundary that is not completely IG.

One additional crack region was examined near the bottom of the CT036 TEM sample at a
location ~0.6 mm behind the leading crack front. It was found to be oxide filled with significant
penetrative oxide wall attack on either side of the crack as shown in Figure 6.20. As a result of
this obvious dependence of depth of wall oxidation with distance behind the crack front, a more
systematic evaluation of oxidation depths was made as summarized in Figure 6.21.



TEM
disk
perforation

Figure 6.16 Low magnification SEM backscatter micrograph of an ion-milled TEM cross-
section sample in 26%CR ANL alloy 690 specimen CT036.
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Figure 6.17 Low magnification SEM backscatter micrographs of open crack walls in
26%CR ANL alloy 690 specimen CT036.
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Figure 6.18 High magnification SEM backscatter micrographs of open crack walls in
26%CR ANL alloy 690 specimen CT036.

At the leading crack tips, the penetrative attack depths are ~50 nm into the crack wall (Figure
6.21a) with the oxide penetrations appearing to be ~7-10 nm wide (Figure 6.20b). Based on the
measured SCC propagation rates (Figure 6.22), the last um of growth occurred with ~50 h
giving an estimated oxide penetration rate into the alloy 690 matrix of ~1 nm/h. Moving back
~125 ym behind the leading crack tip, the penetration depth has nearly doubled to 100 nm
(Figure 6.21c) corresponding to an estimated wall exposure time of ~500 h. This gives an
average penetration rate of ~0.2 nm/h suggesting that the oxidation is slowing. At 250-300 um
from the leading crack tip, the oxidation is observed to have penetrated to depths of ~350 nm
(Figure 6.21d) with an estimated exposure time of ~1300 h. Interestingly, this distance from the
crack tip is where the oxide penetration depth stops increasing. The same approximate depth
(300-400 nm) of wall attack is seen at distances of ~600 and 700 pm. It is important to note that
the width of the oxide filaments increase with distance behind the crack tip and with time of
exposure suggesting that remaining metal is slowly being oxidized.
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Figure 6.19 High magnification SEM backscatter micrographs of open crack walls in
26%CR ANL alloy 690 specimen CT036.
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Figure 6.20 High magnification SEM backscatter micrographs of open crack walls in
26%CR ANL alloy 690 specimen CT036.
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Figure 6.21 High magnification SEM backscatter micrographs of penetrative wall
oxidation as a function of distance behind the SCC crack front in the 26%CR
ANL alloy 690 specimen CT036.

As noted, the determined distances behind the SCC crack front in the cross-sections were used
to give a rough estimate of the crack wall exposure time from the SCC crack-growth plot in
Figure 6.22 (test data described in Chapter 5 and shown in Figure 5.48). Using this information,
wall oxidation depth is plotted versus time in Figure 6.23 indicating the kinetics of the process
and the apparent saturation depth of ~350 nm. Many additional observations would be needed
to confirm and quantify this behavior in various alloy 690 specimens.
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20%CR GEG alloy 690 plate: Specimen CT037

Cross-sections were prepared from specimen CT037 by both standard metallographic
techniques for SEM exams and by ion milling for both TEM and SEM characterizations. Once
again, predominately 1G cracking was observed during the SCC portion of the crack-growth test
and penetrative oxidation was found along crack walls. As described in some detail in Section
5.1 and 5.2, there was a low density of carbide precipitation and permanent damage (voids or
cracked carbides) on most grain boundaries in the GEG material. As a result, much less time
was taken examining SCC crack interactions with grain boundary carbides.

The overall crack morphology across the 20%CR GEG alloy 690 specimen CT037 was
generally similar to that observed for the 26%CR ANL alloy 690 specimen CT036. This is
illustrated by backscatter and SE micrograph montages in Figure 6.24 that reveal branched I1G
cracks (in and out of the plane of the cross-section sample) stretching ~350 um behind the
leading crack tip. Based on crack-growth data presented in Figure 5.48, propagation during the
primary SCC portion (during cycle + hold and constant K loading at end of test) is estimated to
be only ~35 pym at the very end of the test. The main crack opening appears to be a few
micrometers in width before significantly narrowing as the leading SCC crack front is
approached in this cross-section. While some differences were noted comparing the 3 different
cross-section samples, the general morphology of the cracking was similar in each. The low
magnification overviews in Figure 6.24 illustrate the larger and well-spaced TiN particles in the
matrix along with the higher density of very small TG and IG My3Cs precipitates.

Crack morphologies and precipitate distributions were more easily resolved at higher
magnifications with analyses focused on the leading SCC crack tips in the various CT037 cross-
section samples. Most IG cracks propagated along grain boundaries containing few if any
carbides and ended in sections without carbides as shown in Figures 6.25 and 6.26. Cracks
appear to remain open to the tips and contain oxide particles that are believed to be
predominately MO-structure oxide (based on TEM results reported in the following section).
Penetrative oxidation is observed on the crack walls behind the tips in all cases, but certain
SCC tips show little or no wall attack. Two additional crack tips are presented in Figure 6.27,
which shows the deepest crack that has bifurcated along two grain boundaries with quite
different precipitate structures. One of these IGSCC cracks ends in the cross-section along a
carbide interface at a grain boundary triple point (Figure 6.27c). For each of the SCC crack
cross-sections, grain boundary characteristics were examined at high resolution ahead of the
leading crack front. As for the other CR alloy 690 crack-growth specimens, no evidence was
found for enhanced void formation ahead of the SCC crack front. In summary, the 20%CR GEG
alloy 690 specimen CT037 showed similar IGSCC crack features (as imaged by SEM) even
though propagation occurred along grain boundaries with a much lower density of Cr carbides.



Figure 6.24 Montages of SEM backscatter (left) and secondary (right) electron
micrographs at low magnifications showing the open SCC crack with
branching (in and out of plane) to the crack tip in 20%CR GEG alloy 690
specimen CT037. Several larger matrix TiN particles are identified and
careful examination of the backscatter image reveals much smaller TG and
IG M23Cs precipitates.
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Figure 6.25 High magnification SEM SE (a) and backscatter (b,c) micrographs of open
IGSCC crack ending with two IG crack tips in 20%CR GEG alloy 690
specimen CT037.
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Figure 6.26 SEM backscatter micrographs showing several IGSCC crack tips in 20%CR
GEG alloy 690 specimen CT037.

6-21



grain
boundary

penetrative oxidation
off crack walls

Figure 6.27 SEM backscatter micrographs of leading IGSCC crack tips in 20%CR GEG
alloy 690 specimen CT037. Few grain boundary precipitates are seen off
crack walls, however one of the crack branches ends at a grain boundary
triple and a carbide interface.




SEM examinations of IGSCC cracks provide insights into the influence of the CR-induced
permanent damage (grain boundary cracked carbides and voids) on propagation. Overall,
observations make it seem unlikely that these pre-existing defects control IGSCC response in
PWR primary water. The primary interaction between these pre-existing features and the
IGSCC cracks appear to be crack blunting and not an acceleration of environment-induced
growth. The SCC path consistently follows the grain boundaries and does not “jump” between
perpendicular cracks across carbides or between voids at carbide interfaces. For the CRDM TT
materials, the most extensive carbide cracking is within the cellular precipitation regions.
However, SCC propagates along the migrated grain boundary and does not typically intersect
these crack carbides at all. The most significant observed interaction with the pre-existing
cracked carbides is that many IGSCC cracks end at the cracked carbides. These crack-tip
locations are often more open and blunted as the SCC crack hits the crack across the carbide
that is oriented perpendicular to the grain boundary propagation path. As noted in Section 5.2,
IG carbides clearly enhance localized grain boundary deformation and produce permanent
damage. The current observations indicate that it is not the cracked carbides and voids that
promote IGSCC susceptibility, but it may be the high localized interfacial stresses and strains
created during cold rolling.

6.3 Transmission Electron Microscopy Examinations of SCC Crack Tips

Cross-section samples for ATEM characterization were prepared by removing small pieces
containing selected crack tips from metallographically polished samples following vacuum
impregnation with a low-viscosity thermosetting resin. The small slices were then glued to
3-mm-diameter Mo washers (the size of a TEM disk), with the crack tips at the disk centers.
After trimming edges and flat polishing to ~100 um total thickness, the samples were dimple-
ground from the washer sides and finished by low-angle ion micromilling with 2 to 5 KeV argon
ions. Repeated cycles of ion thinning and TEM were used to progressively thin and examine
multiple crack-tip areas or other crack locations of interest.

ATEM characterizations were performed using a 200-kV field-emission-gun TEM with a thin-
window, energy-dispersive x-ray spectrometer (EDS) and a parallel-detection electron-energy-
loss spectrometer (PEELS) for microchemical analysis. Besides conventional brightfield and
precipitate darkfield imaging, characterization methods included crystal lattice imaging with
Fourier-transform diffraction analysis, fine-probe (0.7-nm diameter) compositional analysis by
EDS and PEELS, and parallel-beam diffraction from selected sample areas as small as ~6 nm
in diameter. Stereoscopic TEM photographs were used to observe finely porous structures in
crack oxides. A Fresnel (off-focus) image contrast method was employed to reveal fine pores
and other structures as small as 1 nm. Computer-controlled EDS mapping in a scanning
transmission (STEM) mode was also extensively used to observe compositional variations
along cracks and leading grain boundaries at resolutions down to ~2 nm.

Initial crack-tip examinations were performed on the 30%CR alloy 690TT CRDM specimen
CT022 tested in the less-susceptible T-L orientation. The environment was 350°C, simulated
PWR primary water with stress intensities of 30 and 40 MPavVm evaluated during the test. Crack
and crack-tip regions examined were produced at the end of the test with a K of 40 MPavm.
The SCC CGR results for specimen CT022 were described in Section 4.3.
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As discussed in the previous section, SEM examinations on SCC cross-section samples
revealed many aspects of the matrix and grain boundary microstructures. The observations can
be summarized as follows:

1. The general microstructures in this sample indicated a very heavily cold-worked material
with closely spaced carbide particles along the grain boundaries. The deformation
structures included high densities of tangled dislocations and occasional deformation
twins apparently associated with the IG carbide particles. TEM analyses identified the 1G
carbides as M»3Cs (M = mostly Cr but also included some Ni and Fe).

2. The IG carbides included blocky, nearly continuous particles (~0.1 to 0.2 ym in size)
along the boundary planes, as well as frequent local regions of cellular precipitation.
Individual particles were sometimes separated by penny-shaped cavities (‘pores') that
apparently had been produced during cold working.

3. SCC propagation generally followed the grain boundaries, even in local areas where the
boundaries deviated around one side of the cellular carbide colonies.

The thin central area of the TEM sample contained several branch cracks. Although the cracks
appeared locally discontinuous on the section surface, they generally contained oxide to the
tips, and thus had been connected to the water environment during testing. It was difficult to
observe the crack tips clearly due to the heavily deformed microstructure of the material, and
many cycles of thinning and examination were needed to reveal the crack microstructures.

Cracks in this sample appeared generally wide open and contained loose polishing debris. In
places where the crack widths narrowed to less than ~0.2 um, and especially near the crack
tips, the embedding resin used in sample preparation completely filled the cracks and preserved
the corrosion fill products and crack-wall microstructures. Figure 6.28 shows an example of the
crack microstructures in one of the protected areas. TEM analyses identified the main features
as (a) loose crystallites of Ni-Fe-Cr spinel in the crack, and (b) finer polycrystalline spinel along
the crack walls. EDS analyses showed that the spinel was Ni rich, with much lower Fe and Cr
than the matrix. The cracks opened along one side of the Cr-carbide particles (M23Cs) in the
adjacent metal matrix. A spinel crystallite indicated in the figure was observed in a [011]
orientation, and easily identified from its characteristic diffraction pattern. No oriented oxide
layer was found at the metal surfaces of the crack in this area.

In another crack area, shown in Figure 6.29, the crack-fill product consisted of mostly needle-
shaped crystallites. Electron diffraction patterns from the product poorly matched the common
oxides such as spinel and Cr,03, but approximately matched hydroxides such as NiOOH and
CrOOH. EDS analysis (Figure 6.30 and table) showed that the needle phase was Fe-rich and
Cr-poor compared to the alloy.

Crack walls close to the tips showed distinctive attack, with tunnel-like structures or filaments
containing oxide penetrating to ~ 200 nm below the crack surfaces, and uniform oxidized 'rinds'
formed between Cr-carbide particles and the adjacent matrix. An underfocus brightfield image
in Figure 6.28 shows the filaments and interfacially oxidized carbides along a crack. The
protective glue in this area eroded away during ion milling. Oxide darkfield imaging (Figure 6.31
bottom) shows that the filaments contained particulate oxide with two distinct phases: Cr,O3; and
MO-structure oxides.
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EDS maps of the same region (at 2 magnifications) are shown in Figures 6.32 and 6.33. The Cr-
rich Cr,O3; appears orange in the color composite maps. Closer inspection suggests that there is
also a Ni-rich oxide phase (consistent with cubic MO) that appears light blue in the maps. The
higher magnification maps in Figure 6.33 also show Ni enrichment in the matrix next to the
interfacial oxide on the carbides, and also minor Ni enrichment just below the oxide rinds on the
carbide particles. EDS analysis of this region (Figure 6.34 with table) show that the My;Cs
carbide particles contained mostly Cr, but also included some Ni and Fe. Analyses showed no
significant compositional difference (apart from oxygen) between the attacked regions and the
adjacent matrix.
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Figure 6.28 |IGSCC crack partially filled with epoxy containing oxide corrosion products
from 30%CR CRDM alloy 690TT specimen CT022.
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Figure 6.29 Needle-shaped crystallites are present in a crack from specimen CT022.
Diffraction analysis suggests that it is a hydroxide phase, pattern gives fair
match to NiOOH and CrOOH (poor match to spinel or Cry,03).

Area (0] Cr Fe Ni
1 16.6 6.8 22.6 53.9
2 37.9 6.7 14.5 40.9
3 38.5 5.3 16.7 39.5
4 37.4 6.0 16.3 40.2

Figure 6.30 STEM image of needle-shaped corrosion product in crack along with EDS
results (in wt%) indicating that the phase is Fe-rich and Cr-poor compared to
the metal matrix.
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Figure 6.31

Attacked/oxidized region along edge of SCC crack in CT022. (a) brightfield
underfocus image showing 'filaments' and interfacial oxidation of Cr-carbide

particle. (b) oxide darkfield image taken with Cr,O3 reflection, showing oxide
in filaments.
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Figure 6.32 EDS maps of crack edge area in 30%CR CRDM alloy 690TT specimen
CT022 with color composite combining the O (red), Cr (green) and Ni (blue)
maps. Cr-rich oxide at carbide interface and in filaments appears orange.
Cr carbide particles appear green.

Figure 6.33 Higher magnification EDS maps of crack edge area in Figure 6.32. Color
composite combines the O (red), Cr (green) and Ni (blue) maps.
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Crack edge (map) area: EDS results in wt%

Spectrum Cr Mn Fe Ni Object
1 76.4 0.0 3.9 19.7 M23Ce particle
2 84.9 0.0 3.2 11.8 M23Ce particle
3 27.9 0.9 9.0 62.2 Matrix with filaments (O excluded)
4 29.7 0.0 10.2 60.1 Adjacent matrix w/o filaments

Figure 6.34 STEM/EDS analysis of carbide particles and crack subsurface region.

Diffraction patterns identifying the two different oxides in the matrix along crack walls are given
in Figure 6.35, and darkfield images taken with different oxide spots are shown in Figure 6.36.
The diffraction patterns taken at a [111] matrix orientation show the parallel-oriented MO phase
(intense spots just inside the matrix spots) and an apparent [0001] pattern from the trigonal
Cr,0O; phase. However, the darkfield images taken with different Cr,O3 spots appear to highlight
different particles, indicating the presence of multiple orientation variants. Thus, the inner
pattern of sharp spots is not actually from a single zone axis. The darkfield image taken with an
MO reflection also appears to highlight particles in the tunnels, but these particles appear
smaller than the Cr,O; particles.

Very high dislocation densities in the heavily strained material made it difficult to image the
crack tips at high resolutions. In the area shown in Figure 6.37, the crack appears to have run
along one side of the carbide particles, and ended with a relatively blunt tip at a carbide particle.
One side of the carbide particle where the crack ended appears to show interfacial oxidation on
the surface perpendicular to the crack. Progressive thinning after the first set of images was
taken allowed observation of the region just ahead of the crack. No porosity was visible along
the grain boundary or carbide particle interfaces leading the crack. Diffraction and EDS
analyses (not included here) showed that the cracks contained Cr-rich Cr,O; to the tips.
STEM/EDS maps of this region are shown in Figure 6.38. The map images indicate the
presence of oxide all the way to the crack tip. In addition these images suggest that the
oxidation has occurred mainly in the matrix alongside the particles. Figure 6.39 shows another
tip area, where the crack ended with a blunt tip that also contained Cr-rich oxide.
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Figure 6.35 Darkfield image highlighting Cr,O3 particles in oxidized zone along crack
wall in 30%CR CRDM alloy 690TT specimen CT022.
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Figure 6.36 Oxide darkfield images showing particulate Cr,O; and MO-type oxide in
filaments along crack wall. Different Cr,O3; spots appear to highlight different
orientation variants.
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Preliminary TEM examinations are also being performed on the ANL 26%CR alloy 690
specimen (CT036) and the GEG 20%CR alloy 690 specimen (CT037). Extensive IG crack
branching is seen across the crack front providing a large number of crack tips for potential
analysis. As expected based on the base microstructure and the SEM results, a much higher
density of M23Cs was present along grain boundaries and IG crack walls in the ANL material
versus the GEG material. However, many leading SCC cracks exhibited large sections without
carbides in the ANL specimen. Many of the same crack, crack wall and crack-tip characteristics
have been observed as in the 30%CR CRDM CT022 specimen. In general, MO-structure
crystallites are seen throughout the cracks reaching the tip regions. Penetrative oxidation is
again found along crack walls with Cr,O3; and MO-structure oxide in tunnels. Tips themselves
remain difficult to image clearly partially due to the complex and extensive deformation
structure.

-after further
thinning

200 nm

E—

Figure 6.37 Crack-tip area in the 30%CR CRDM alloy 690TT specimen CT022. Photo at
upper right was taken after thinning was continued. Note very high
dislocation density in region. No porosity is observed along grain boundary
ahead of crack tip.
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Figure 6.38 STEM/EDS maps of CT022 specimen crack tip region shown in Figure 6.36.
Color composite of O (red), Cr (green) and Ni (blue) maps shows blocky Cr-
carbide particles (green), and Cr-rich oxide (pink-orange). White is open
area of crack. Also note Ni-rich regions (dark blue) between carbide
particles.
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Figure 6.39 TEM brightfield image of an additional crack tip in 30%CR alloy 690 CRDM
specimen CT022.

An example of a crack-tip region is presented for the 26%CR ANL alloy 690 CT036 specimen in
Figure 6.40. SEM is used to document the thin-foil surface appearance during the ion-milling
preparation. TEM reveals that the crack is filled with epoxy to the SCC tip. Small, polycrystalline
NiO-structure oxide particles are dispersed within the crack and along some wall sections. A
continuous oxide layer is not observed, however penetrative oxide tunnels are again found into
the alloy 690 matrix. Extremely high dislocation densities are present throughout the cold-rolled
material and particularly surrounding the crack tips. Iterative ion milling is being used to obtain
electron transparent regions at, and immediately ahead of, the SCC tips. Initial observations
have been limited, but no evidence for grain boundary oxidation beyond the open tip has been
found. NiO-structure oxide particles are detected in the tight, open crack tips.

During this iterative ion polishing, a small secondary crack well behind the SCC crack front was
available for effective TEM characterization. The SEM image of this corrosion product filled
crack before final ion milling and subsequent TEM EDS compositional mapping is presented in
Figure 6.41. Deep wall oxidation (enriched in Cr) into the alloy 690 matrix can be seen adjacent
to M,3Cs precipitates along with the formation of large MO-structure particles in the crack.
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Figure 6.40 TEM image of a crack tip in the ANL 26%CR alloy 690 specimen CT036.

Figure 6.42 presents an IG crack and tip in the GEG CT037 specimen. This crack was located
near the leading crack front, but was not connected to the main SCC crack in the cross-section.
Oxide particles are seen in the crack itself as well as penetrative oxidation at the crack walls.
The oxide darkfield images in Figure 6.43 better illustrate this corrosion structure with Cr,O3 in
the filament-like penetrations off the crack walls. At least 6 variants must be imaged to detect
the full distribution of Cr,O; nanocrystals. It is interesting that this significant depth of wall
internal oxidation occurs off a crack near the leading crack front. The GEG 20%CR alloy 690
specimen CT037 exhibited a moderate-to-high growth rate (>10®° mm/s) during the final
constant K loading suggesting that the oxidation depth is produced rapidly (within ~100 h) after
exposure to the crack environment.
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SEM/BSE image

STEM-EDS

2

EDS analysis: matrix (light blue) 30.6 Cr -10.4 Fe -59.0 Ni el LI
Cr,0, in metal (orange) 22.5 O -37.2 Cr -5.8 Fe -34.6 Ni
Cr,,C, (green) 83.9 Cr-3.3 Fe -12.8 Ni
NiO in crack (blue/red) 26.1 O -3.6 Cr -3.9 Fe -66.3 Ni

Figure 6.41 SEM and STEM images from a secondary crack region in the CTO036
specimen (ANL 26%CR alloy 690). This region is behind the SCC crack
front and EDS composition maps are shown illustrating the corrosion

microstructure that has developed.

6-35



Figure 6.42 SEM (above) and TEM (below) images of a crack tip in the GEG 20%CR
alloy 690 specimen CT037.
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Figure 6.43 TEM brightfield and oxide darkfield images indicating wall oxidation in the
crack-tip region from Figure 6.42.

The first high-resolution examinations of IGSCC crack tips in alloy 690 have shown unexpected
crack wall oxidation structures. Even though this is a high Cr alloy known to form a protective
Cr-rich film on surfaces, a continuous film is not found on the crack walls approaching the tips.
A two-phase structure of nanometer-scale penetrative oxide tunnels and the metallic alloy is
detected to depths of ~100 nm from the wall. This structure has been imaged in detail by TEM
on the alloy 690 CRDM material and confirmed by high-resolution SEM techniques on the ANL
and GEG plate materials. TEM observations at, and ahead of, cracks have not revealed such
penetrative oxidation leading crack advance, however the high density of grain boundary
carbides in the CRDM heat has made measurements difficult.

To better investigate this wall penetrative oxidation, additional examinations are being
performed using high-resolution SEM techniques of crack-wall structures in various alloy 690
CRDM and plate samples along with an alloy 52M SCC test sample. All have shown evidence
of this penetrative oxidation off the crack walls as documented for the CR samples in the
previous section. Selected new TEM and atom-probe tomography (APT) characterizations are
being made to directly compare, and better elucidate, the penetrative oxidation.
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6.4 Insights into SCC Mechanisms from Crack Tip Characterizations

The crack-tip observations in the previous section are the first ever performed on alloy 690
materials tested in a PWR primary water environment. Comparisons will be made in this section
to prior high-resolution ATEM examinations'®®* that were performed on SCC crack tips in Ni-
and Fe-base stainless alloys from BWR or PWR service or laboratory tested in simulated LWR
environments. These characterizations have enabled direct assessments of IG cracking
processes at the nanoscale. Overall, previous results have shown two distinctly different SCC
crack wall and tip structures suggesting different SCC propagation mechanisms. The first
example has been commonly referred to simply as IGSCC by the LWR community and starts
from the extensive problems experienced for Fe-base stainless steels in BWRs. The second
has often been referred to as primary water SCC specifically referring to problems with Ni-base
stainless alloys (such as alloy 600 and 182) in PWRs. A very brief summary of the crack-tip
results for these two LWR SCC examples are given in the following paragraphs, before
comparing them to the preliminary observations on the alloy 690 materials.

Austenitic stainless steels (Type 304 or 316SS) that have been stress-corrosion cracked in
BWR oxidizing, BWR hydrogenated or PWR primary water all show nearly identical features.
Typical examples of this type of IGSCC tip are presented in Figures 6.44 and 6.45. It is
important to note that similar SCC structures are also seen for Ni-16Cr stainless alloys (alloy
600 and 182) tested in BWR oxidizing water. While some crack-tip aspects can be more
complex among these various alloys and environmental conditions (particularly for grain
boundary precipitation and Cr depletion in oxidizing water), the common features of an open
crack, continuous wall oxide and extensive deformation at the tip are present in all cases.

SCC cracks in the cold-worked 316SS example shown in Figure 6.44 exhibited localized
deformation and shear bands. Extensive strain contrast and deformation structure was present
immediately ahead of the tip with shear bands intersecting the crack walls and the leading grain
boundary. As noted, IGSCC tips have been evaluated in many BWR service and laboratory
stainless steel samples with cracking along random, high-energy grain boundaries in highly
strained metal. Both open and oxide-filled cracks contained Cr-rich spinel films along the crack
walls and Fe-rich spinel in the crack centers. Examples of both oxide-filled and open crack tips
from a 316LSS core shroud are shown in Figure 6.45, with the cracks and leading grain
boundaries viewed edge-on. In both cases, the oxide films tapered to only a few nm at the tips.
The crack shown in Figure 6.45(a) was open and filled with epoxy between oxide layers all the
way to the tip. The dislocation structure of the metal is not visible in this imaging condition,
although slip bands can be seen intersecting the crack near the tip. The tip shown in
Figure 6.45(b) contained three distinct oxide layers, with the central Fe-rich spinel layer having a
different crystallographic orientation than either of the adjacent Cr-rich layers. This region also
represents one of the deeper crack extensions in the shroud cross-section. STEM/EDS x-ray
maps in Figure 6.45(c) show several distinctive crack-tip characteristics including a narrow zone
of Ni-rich metal along the grain boundary just ahead of the last oxide. Similar Ni enrichments
leading tips have been observed in most of the stainless steel service samples interrogated.
Comparing the Cr, Fe, Ni and O maps suggests that Fe/Ni losses cause the Cr enrichment of
the oxide next to the metal during the oxide formation. The Mo-L x-ray map also shows the non-
equilibrium Mo segregation characteristic of bulk grain boundaries in mill-annealed 316SS.
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Figure 6.44 Brightfield TEM images in the CW316LSS crack-growth sample tested in
BWR oxidizing water [Ref. 37]: (a) oxide- and epoxy-filled crack many
micrometers behind tip and (b) highly deformed crack tip with narrow
oriented spinel present on crack walls to the tip.

In summary, austenitic stainless steels (Type 304 or 316SS) show open cracks with non-
porous, oriented oxide films on the crack walls to the tips and extensive deformation structures
associated with the propagating IG crack. The IGSCC characteristics are generally consistent
with a slip-oxidation SCC mechanism. A protective, Cr-rich oxide (spinel or MO structure) film
forms on the crack walls and propagation continues by the thinning or rupture of the oxide at the
tip region. While there is no evidence that localized slip is required for the disruption of the
oxide at the tip, clearly extensive plasticity is occurring at the tip during SCC advance.
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Figure 6.45 Open (a) and oxide-filled (b) crack tips in a BWR core shroud sample [Ref.
25]. EDS x-ray maps of oxide-filled tip (c) show Fe/Ni loss in oxide, Ni
concentrated ahead of tip, and Mo segregation along the leading grain
boundary.

IGSCC crack tips in mill-annealed alloy 600 have also been well characterized after exposure to
PWR primary water both for laboratory tests and samples removed from service. One of the
characteristic features in alloy 600 is the presence of narrow, deeply oxidized zones along grain
boundaries intersected by the cracks. Nearly every intersected grain boundary in the wake of a
crack was similarly attacked. An overview of one of these attacked grain boundaries is
illustrated in Figure 6.46(a), with higher magnification views of the tip and mid-zone areas
shown as insets. The deeply penetrative nature of the degradation is indicated by the narrow
widths of the oxidized zones relative to the lengths. Actual widths determined by tilting the
structures edge-on were 5-20 nm and showed little change along the entire penetrated lengths.
Penetration lengths off the open SCC cracks ranged from about 100 nm near the deepest crack
tip in the cross-section to many micrometers at distances of several grain diameters behind the
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crack tip. Narrow attacked zones contained a porous, nanocrystalline, MO-structure oxide with a
Ni-Cr-Fe composition ratio similar to the metal matrix. The penetrative attack narrowed from the
normal 5-20 nm widths to less than 3 nm before ending in the grain boundary plane. Fresnel
imaging revealed a complex network of nm-size voids near and ahead of the tips. The
underfocus image in Figure 4.46(b) shows closely spaced pores and tunnel-like features along
an inclined grain boundary at the leading edge of attack. Isolated pores in the metal also
appeared a short distance ahead of the last apparent oxide. Although micrographs of the
penetration tips revealed fine details of the oxidation, correctly interpreting the TEM images
required stereoscopic viewing to distinguish between surface and internal features. Other
characteristic aspects of the |G attack were the low dislocation structure in the adjacent matrix
or at the leading edge of attack, and Cr-rich oxide at the tip led by a Ni-rich, Cr/Fe-depleted
grain boundary in the metal.

Extremely narrow, penetrative IG attack was extensive in all cracked alloy 600/182 samples
removed from PWR service. Detailed analysis of these corrosion-induced structures revealed
them to be primarily fine-grained, porous, MO- and/or spinel-structure oxides. Examinations
focused on the deepest cracks in each cross-section and found that all ended in penetrative
oxidation as illustrated in Figure 6.47(a). The width of these regions was ~10 nm and continued
for many mm before narrowing and ending within the grain boundary plane. High-resolution
EDS maps from the same region in Figure 6.47(b-d) demonstrate that the leading oxide is highly
Cr rich and the metal is Ni rich ahead of the tip. Another key observation was the general lack of
dislocation structure associated with the I1G attack either along its length or at the leading edge
of degradation. Occasional IG Cr;C; carbides in these mill-annealed materials were attacked at
their edges and oxidized to thin non-porous Cr,O3 film.

50 i

ﬁ?
Figure 6.46 Alloy 600 IG attack in PWR primary water [Ref. 23]: (a) typical extended I1G

attack region filled with porous oxide and (b) leading edge of oxide
penetration along grain boundary.
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Figure 6.47 EDS maps showing the leading edge of |G attack ahead in alloy 600 [Ref.
29]. Chromium is enriched in the tip oxide and Ni is enriched along the
boundary ahead of the tip.

Insights into the mechanism for environment-induced degradation of alloy 600 in primary PWR
water can be found at the leading edge of attack along penetrated grain boundaries. Near the
leading edge, the oxidized region narrowed and ended along the boundary plane. Pores and
tunnel-like features were present in the leading IG oxide (best identified in the U-bend sample),
and the grain boundary is altered in the metal ahead of the oxide layer. Cr-rich oxide (some
Cr,03) was found at the advancing |G attack tips, while other oxide structures (MO or spinel)
were often the predominant phase just behind the tip and along most of the degraded zone.
Formation of this Cr-rich oxide preferentially at the 1G reaction front and the lack of evidence for
significant plastic deformation during propagation represent key aspects of the degradation
process. As described in some detail in previous papers [Refs. 23,39], these observations are
inconsistent with many mechanisms proposed to explain primary water SCC and an active-path,
stress-assisted oxidation mechanism along grain boundaries was proposed to be the most
consistent with the attack morphology. Vacancy creation from selective dissolution or oxidation
at the tip may promote enhanced diffusivities for the metallic alloying elements and for oxygen in
the grain boundary leading to void formation. The full range of laboratory and service samples
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investigated support these same conclusions with observations of preferential Cr-rich oxide at
the degradation reaction front and Ni-rich, Cr-depleted metal at the boundary immediately
ahead of the tips. Scott and co-workers [Refs. 40,41] have used these observations to support
the internal oxidation mechanism for primary water SCC in alloy 600.

It is very clear from all examinations that alloy 600 cracks produced in hydrogenated water have
fundamentally different characteristics to the propagating tips than for stainless steels cracks
produced in hydrogenated or oxidizing water. SCC cracks in stainless steels are open with a
thin, epitaxial, non-porous protective oxide on walls to the tip. Crack openings taper to highly
deformed tips and there is no evidence for leading boundary attack. For alloy 600 in PWR
primary water, SCC cracks end in penetrative IG attack extending for ~100 nm. The corroded
boundaries are filled with a porous, nanocrystalline, non-protective oxide and significant plastic
deformation is not required for degradation. The Fe-base stainless steels cases suggest a slip
oxidation process driving crack advance, while the Ni-base alloy 600 in hydrogenated water is
more consistent with a stress-assisted oxidation process.

While the current SCC crack-tip observations on the CR alloy 690 materials are very limited,
important differences can be seen particularly versus alloy 600 in PWR primary water. No
evidence for penetrative IG oxidation in the alloy 690 samples has been found, while it is the
defining crack-tip characteristic for alloy 600. Grain boundaries do not appear to be an active-
path for oxidation in the 30% Cr alloy 690 as they are in the 16% Cr alloy 600 when exposed to
PWR primary water environments. One interesting aspect is that Cr is depleted at grain
boundaries in the alloy 690TT CRDM material down to levels approaching 20% Cr and still
these grain boundaries off the crack walls or at the crack tips are not preferentially oxidized.
Surprisingly, penetrative oxidation is observed into the matrix grains off the crack walls. Results
indicate that the primary mechanism promoting IGSCC in PWR primary water for alloy 690 is
not an active-path, stress-assisted oxidation process along grain boundaries as proposed for
alloy 600. However, the rapid penetrative oxidation into the matrix off crack walls is intriguing
and suggests that localized oxidation (perhaps following a pre-existing dislocation structure)
could play a role in SCC propagation. The alloy 690 SCC cracks are open to their tips similar to
stainless steels in both oxygenated and hydrogenated water, however a thin, protective, Cr-rich
film is not found on the crack walls to the tips for alloy 690 (as for stainless steels). Therefore,
the preliminary observations do not strongly support a slip oxidation mechanism for SCC
propagation as was the case for stainless steels. Extensive crack-tip plasticity does appear to
be required for SCC in the alloy 690, but simple evaluations are impossible due to the extremely
high deformation of the grain boundaries during unidirectional cold rolling. Along with lack of
support for these mechanisms, high-resolution measurements at and ahead of crack tips do not
show the formation/growth of creep cavities as a precursor to IG crack advance. Hydrogen has
also been proposed [Refs. 42,43] to play a key role in primary water SCC by promoting
embrittlement or enhancing local plasticity, although little convincing evidence has been
produced. The current crack-tip examinations do not offer any direct insights into possible
influence of hydrogen for alloy 690. Clearly, additional experimentation and characterization is
required on specimens designed to isolate critical variables controlling SCC in these alloy 690
materials.
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7 Conclusions

Stress-corrosion, crack-growth rates have been determined for 12 alloy 690 specimens, 11 alloy
152/52/52M weld metal specimens, 4 alloy 52M/182 overlay specimens and 2 alloy 52M/82
inlay specimens in simulated PWR primary water environments. The alloy 690 test materials
included three different heats of extruded control-rod-drive mechanism (CRDM) tubing with
variations in the initial material thermal treatment condition and degree of cold work for one
heat. Two cold-rolled (CR) alloy 690 plate heats were also obtained and evaluated enabling
comparisons to the CR CRDM materials. Weld metal, overlay and inlay specimens were
machined from industry mock ups to provide plant-representative materials for testing.
Specimens have been tested for one alloy 152 weld, two alloy 52 welds and three alloy 52M
welds. The overlay and inlay specimens were prepared to propagate stress-corrosion cracks
from the alloy 182 or 82 material into the more resistant alloy 52M.

Important results have been obtained for alloy 690 and its weld metals establishing SCC
response as a function of material and environmental parameters. As expected, the as-received
and plant representative, alloy 690TT CRDM tubing heats were resistant to SCC. Steady
propagation and |G cracking was observed under constant stress intensity conditions, but
propagation rates were very low (£1x10° mm/s) and only isolated regions of IGSCC were
produced after long tests in PWR primary water. High levels of cold work during one-
dimensional rolling were found to promote IGSCC and much higher (~100X) growth rates when
specimens were tested so propagation occurs in the rolling plane. These results demonstrate
that extruded alloy 690 tubing with an excellent microstructure can become susceptible to
IGSCC after unidirectional cold rolling similar to behavior documented for alloy 690 plate
materials. It is critical to note that this level and orientation of cold work is not anticipated in light-
water-reactor service components, however these results clearly demonstrate that the high-Cr
alloy 690 materials are not immune to SCC and reasons for enhanced susceptibility must be
understood. To that end, the alloy 690 microstructure has been modified through heat treatment
and initial data indicate that grain boundary carbides promote more severe |G damage during
cold rolling and higher IGSCC growth rates. Detailed examinations of cold-rolling damage and
SCC cracks have been performed using high-resolution SEM and TEM techniques. Cold rolling
alloy 690 to high reductions produced extremely high dislocation densities at grain boundaries
along with IG nanometer-scale voids and cracked precipitates particularly when a high density
of grain boundary carbides is present. The influence of this type of permanent damage (voids
and cracked precipitates) on IGSCC is unclear, since characterizations of cracks and crack tips
do not show the cracked carbides or voids promoting environment-assisted crack advance. On
the contrary, cracked carbides have been shown to blunt IGSCC propagation when
encountered. Therefore, the local strains created at and near grain boundaries by cold working
may be more important than the permanent damage. While many characterizations have been
performed on the alloy 690 materials for the first time and important insights obtained, more
work is needed to clarify microstructure and cold work effects on SCC susceptibility and identify
the cracking mechanism.

This project has completed some of the first SCC crack-growth tests on alloy 152, 52 and 52M
weld metals in PWR primary water and helped establish a basis for their behavior. Similar to the
results for the as-received alloy 690 materials, the high-Cr weld metals have consistently shown
a high resistance to SCC. Several different weld mockup types have been tested including U-
groove, V-groove and narrow gap welds. Some weld-to-weld CGR differences have been
observed, but measured rates have been below ~5x10° mm/s with most less than 2x10®° mm/s
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for test temperatures from 325 to 360°C. Examination of the crack fronts revealed varying
degrees of IGSCC engagement with some having essentially no IG features and others showing
considerable IG cracking. However, only a few weld metals have exhibited significant
propagation along grain boundaries during long-term testing suggesting a good resistance to
IGSCC. In an effort to improve IG engagement, limited testing was conducted at 50°C in PWR
primary water. Hydrogen-induced IG crack growth and higher growth rates were promoted
during cycling steps for an alloy 152 weld, but much smaller effects were seen for alloy 52
welds. The environmental cracking is believed to occur during dynamic straining and much
more experimentation is needed to assess this low-temperature behavior. The increased I1G
engagement produced at low temperature did not promote higher SCC growth rates during
subsequent constant K loading in high-temperature PWR primary water. The influence of
preexisting weld cracks on SCC response is also being evaluated in alloy 52M with preliminary
results showing no enhancement of crack growth. However, post-test examination revealed that
the number of weld-induced cracks was very low in the SCC crack-growth plane limiting
intersections between preexisting weld cracks and the SCC crack front. The final SCC tests on
weld metals have been on industry mockups for an alloy 52M/182 overlay and an alloy 52M/82
inlay. For both mockups, initial SCC propagation rates in the lower-Cr layer (alloy 182 or 82)
were less than expected with only partial IG engagement. The SCC growth rates decreased
significantly as the alloy 52M interface was reached and the IGSCC propagating along selected
boundaries in the lower Cr material intersected the higher Cr weld metal. A simple assessment
of Cr concentration on propagation through the interface region was not possible without a
straight crack front. Additional data was generated for alloy 52M SCC behavior from the overlay
and inlay welds and the highest weld metal constant K propagation rates were measured within
the alloy 52M overlay material. The most recent weld metal tests have been conducted on a V-
groove weld and two narrow gap mockup welds using the same alloy 52M weld wire. Somewhat
surprisingly, the alloy 52M V-groove weld showed a consistently higher rate than the narrow gap
welds. This was even the case for the narrow gap weld produced with off-normal conditions to
create a moderate distribution of weld defects. Post-test characterization of these final alloy 52M
samples is continuing as part of follow-on research to confirm SCC growth rates and determine
whether preexisting weld cracks enhance IGSCC.
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