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Abstract 

This document presents an updated suggested approach to a quantitative assessment of 
chloride-induced stress corrosion crack (CISCC) growth behavior of dry cask storage system 
stainless steel canisters. The previous report presented a brief review of prior data in the 
literature on CISCC growth rate measurements, a testing approach was presented, and a test 
plan was suggested. This report provides an updated suggested test plan based on CISCC 
growth rate data that Pacific Northwest National Laboratory has obtained in the last 18 months. 
The most impactful growth rate measurements, to date, are those evaluating the effects of 
sodium nitrate as an inhibitor to CISCC growth. The limited early data are showing that in 
immersed conditions, small additions of sodium nitrate to concentrated sodium chloride 
solutions are 100% effective at stopping and preventing CISCC growth, including preventing 
corrosion fatigue. The updated testing approach centers around determination of the most 
susceptible material and environmental conditions and then evaluating nitrate inhibitor effects 
on CISCC growth for those conditions. 
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Acronyms and Abbreviations 

4PB four-point bend 

CCR continuously cast and rolled 

CGR crack growth rate 

CISCC chloride-induced stress corrosion crack(ing) 

CISCCGR chloride-induced stress corrosion crack growth rate 

CMTR certified materials test reports 

CT compact tension 

CTS cold tensile strained 

CW cold work 

DCPD direct current potential drop 

DCSS dry cask storage system 

DO dissolved oxygen 

DOE-NE U.S. Department of Energy, Office of Nuclear Energy 

DRH deliquescent relative humidity 

FY fiscal year 

GB grain boundary 

HAZ heat-affected zone  

HCl hydrochloric acid  

Ht heat (when referring to a particular heat of material) 

IGSCC intergranular stress corrosion cracking 

ISFSI independent spent fuel storage installation 

K stress intensity 

Kth threshold stress intensity for the onset of CISCC growth 

LWR light water reactor  

MA mill annealed 

MDRH mutual deliquescence relative humidity 

MgCl2 magnesium chloride 

NaCl sodium chloride  

NaNO3 sodium nitrate  

NaSO4 sodium sulfate  

NH4NO3 ammonium nitrate 

NRC Nuclear Regulatory Commission 

PNNL Pacific Northwest National Laboratory 

PWR pressurized water reactor 

PWSCC primary water stress corrosion cracking 

RH relative humidity 

SCC stress corrosion crack(ing) 

SFWD Spend Fuel Waste Disposition (program) 
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SL short longitudinal 

SNF spent nuclear fuel 

SNR Signal-to-noise ratio 

ST short transverse 

TGSCC transgranular stress corrosion cracking 

YS yield stress 
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1.0 Introduction 

Chloride-induced stress corrosion cracking (CISCC) is a possible degradation mechanism for 
spent nuclear fuel (SNF) dry cask storage systems (DCSSs) constructed from welded austenitic 
stainless steel. These DCSSs are currently the most common means for extended storage of 
SNF in the United States and in some other countries. Their usage in the United States began 34 
years ago at the Surry Nuclear Power Plant in Surry, Virginia; they were originally intended to be 
used as a short-term (i.e., ~20 years) solution prior to the licensing and construction of a 
repository for permanent disposal. However, because of delays in establishing a disposition 
pathway for SNF, it has become necessary to store SNF in DCSSs for periods that are longer 
than were originally intended. The primary potential issue with their extended use is CISCC of 
the canisters. These canisters are typically made from Type 304 austenitic stainless steel (SS) 
that is susceptible to CISCC under certain conditions, namely when the material is under a 
sufficiently high tensile stress and is subjected to a sufficient quantity of a chloride-containing salt 
along with a sufficiently humid environment in the absence of any inhibitors. DCSSs are placed 
at independent spent fuel storage installations (ISFSIs), which are located in various 
geographical locations and environments. Some ISFSI locations. including those near oceans, 
those located near cooling towers or near roads where deicing salts are used may be 
environments where CISCC has a chance of occurring. CISCC of stainless-steel industrial 
equipment is known to occur under the described environmental conditions, and thus there is a 
concern that DCSSs could also undergo CISCC. 

In 2014, the U.S. Nuclear Regulatory Commission (NRC) funded a research project at Southwest 
Research Institute (He et al. 2014) that evaluated environmental conditions where CISCC of 
stainless steel can occur. The NRC now desires to measure CISCC growth rates (CISCCGRs) 
under a range of relevant environmental conditions including both bounding conditions and more 
realistic conditions. While CISCC has been a known issue for many years in other industrial 
environments and has been an urgent concern for DCSSs in countries where CISCC is more 
likely, such as Japan, the traditional techniques used to measure CISCC have been simplistic or 
not optimally executed compared to techniques used in other industrial applications where there 
is a strong, ongoing need to accurately and precisely assess stress corrosion cracking (SCC) 
behavior. 

This report presents an updated recommended CISCC test plan based on advanced SCC testing 
methods. Pacific Northwest National Laboratory (PNNL) has 15 years of experience performing 
state-of-the-art SCC testing of nickel-base alloy light water reactor (LWR) pressure boundary 
components. In situ measurements of time-to-crack initiation and crack growth rate are routinely 
conducted with active load control using specimens that produce easily determined stresses, 
stress intensities, or both. This test plan assumes similar capability would be available in a 
CISCC test system but envisions a unique test specimen geometry that is better suited to CISCC 
testing than the specimen geometries used for LWR SCC testing. This updated test plan is 
based on CISCCGR measurements that have been conducted at PNNL as part of a Department 
of Energy - Nuclear Energy (DOE-NE) program to evaluate CISCC behavior of 300-series 
stainless steels. 
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2.0 DOE-NE CISCC Test System Development 

2.1 Overview of DOE-NE CISCC Test Systems 

In FY19, a dedicated lab space shown in Figure 1 was set aside for the DOE-NE CISCC test 
systems (Figure 2), and construction of all four test systems was completed in FY20. The test 
systems and lab modifications were all funded by DOE-NE. Tests can be conducted in humid air 
and in brine solutions, although modifications for testing in humid air will not be ready until 
FY22. Up to six specimens can be tested simultaneously in each test system with all specimens 
instrumented for in situ measurement of crack length by the direct current potential drop (DCPD) 
technique. Load is applied using a servoelectric motor system and actively controlled based on 
crack length using custom software. The servoelectric motor system can also apply cyclic 
loading to allow evaluation of corrosion fatigue behavior and to advance the crack to new 
regions of a specimen. Temperature is actively controlled with the ability to operate at ~30–
80°C. Pertinent data are recorded by custom software. 

 
Figure 1. PNNL CISCC testing laboratory with four DOE-NE CISCC test systems. 

 
Figure 2. All four DOE-NE CISCC test systems. CISCC3 and CISCC4 were partially 

constructed at the time of this photo but are now complete. 

2.2 Test System Environment 

As noted earlier, these test systems were constructed with the intent of being able to test in 
humid air conditions and aqueous brine conditions, although testing in humid air will not be 
ready until early FY22. 
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2.2.1 Description of the Aqueous Brine Environment 

The total water volume of a test system is approximately 22 L. The test systems use a fully 
recirculating water loop that actively aerates and filters the water. The water recirculation rate 
through the environmental chamber is approximately 7 L/min. Typically, water for the test 
systems is premixed to the target salt composition and then added to the test system; however, 
small amounts of salts can be directly added to the test system through ports in the top of the 
environmental test chamber. This is useful when making on-the-fly changes in water chemistry. 
Because an aqueous environment exposes not only the specimen but all the interior surfaces of 
the test system to saltwater, all wetted portions of the test system were made from saltwater-
compatible, corrosion-resistant materials. 

2.2.1.1 Production of Air-Saturated Water 

A deliquescent solution in humid air will always be air-saturated; thus, continuously air-saturated 
brine solutions were used for brine solution tests. One effective aeration method is to create 
submillimeter diameter air bubbles in water using stone fritters, or stone bubblers. PNNL LWR 
SCC test systems that use nearly pure water are outfitted with stone bubblers to dissolve 
various gases into test system water. However, during early usage of the CISCC1 and CISCC2 
test systems, a traditional stone bubbler placed in the environmental chamber rapidly clogged in 
highly concentrated brine solutions. As the brine solution infiltrates the stone bubbler, the air 
leaving the bubbler dries the solution touching the bubbler, leading salt build-up and eventual 
clogging. As a result, other aeration methods were explored. 

As part of this effort, the process of aerating the water was moved from the environmental 
chamber to a separate glass column and a pump was installed to circulate water between the 
column and the environmental chamber. Two methods of aeration were evaluated in pure water. 
For both methods, the water column was partially filled with water, and the unfilled portion was 
continually fed with house air. A dissolved oxygen (DO) sensor with resolution of 1 ppb in pure 
water was used for evaluations. The sensor probe was positioned in the environmental chamber 
for observations. For comparison, saturation levels of DO in water were determined from 
Henry’s law1 using calibration data available from various sources (NIST 2021). 

The first method evaluated was a waterfall method where water is fed to the top of the capped 
glass column and allowed to run down the inside of the air-filled portion of the column. The thin 
layer of water running down the inside column has a high surface area that enables the water to 
become air-saturated. The second method evaluated was jet-bubbling. This method places a 
water nozzle just above the waterline in the column, and it is adjusted to point toward the pool of 
water in the column. The jet of water impinging onto the pool of water in the column creates a 
high density of air bubbles in the water column. The dissolved oxygen levels generated by these 
two methods were compared to stone bubblers in the column and environmental chamber. 
Measurements with no active aeration were also performed to provide another point of 
reference for the effectiveness of the different methods. 

As shown in Figure 3, comparison of measured DO levels to saturated dissolved oxygen values 
in pure water taken from various field data (NIST 2021) indicate that the waterfall, jet-bubbling, 
and stone bubbler methods fully saturate the water with oxygen when properly executed.  
Erratic, sub-saturated DO values were observed when simply exposing the surface of the water 

 
1 Henry's law is a gas law that states that the amount of dissolved gas in a liquid is proportional to the 

partial pressure of the gas above the liquid. 
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in the test chamber to air, showing the necessity of performing active air-saturation of the water. 
Trials of the waterfall method using a nearly saturated sodium chloride (NaCl) solution revealed 
excessive caking of the water column walls above the waterline due to water running down the 
column, so the jet-bubbling method was selected. 

 
Figure 3. Dissolved oxygen (DO) content in pure water as produced by several methods. 

Henry’s law fit to various field data (NIST 2021) is also shown. 

2.2.1.2 Water Filtration 

Initial trial runs using brine solutions in the test systems revealed that the water quickly became 
clouded with iron oxide corrosion product. A 1 µm high flow rate filter was added to the water 
recirculation loop to aid in test system cleanliness. Because a glass environmental chamber is 
used, clear water allows for observation of the specimens during a test. The ability to directly 
observe the specimens aids with troubleshooting unexpected specimen or test system behavior. 
Because the test system water remains in contact with the corrosion product captured by the 
filter, the filter should not affect the water’s dissolved metal content. 

2.2.2 Description of Humid Air Environment 

A humid air environment will be produced using a relative humidity (RH) generator that will be 
attached to each test system. This will be a continuously flowing, once-through RH generator 
system. Prior to testing, specimens will be coated with salt having the desired composition and 
salt loading. One feature being considered is an ability to apply salt to the specimens during 
testing. This may be needed to produce a more realistic environment where salt decomposition 
is counterbalanced by continual salt deposition. The most likely approach to applying salt during 
testing would be to use a salt fogging system, although the design has not yet been considered. 

2.2.3 Test System Improvements 

Methods to improve the test system performance and reliability are constantly being evaluated 
and implemented as shown for example in the prior sections. Other improvements (e.g., heater 
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system robustness, spill protection measures, and corrosion prevention measures) were 
implemented over time. 
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3.0 Review of DCSS-Relevant CISCC Data 

3.1 Effect of Environment on CISCC Growth 

CISCC testing dates back many years due to the relevance of this degradation mode to metallic 
components near marine environments and some industrial environments. Literature data 
shown here are taken from both brine solution tests and humid air deliquescent environments, 
with the brine solution tests providing the majority of the CISCCGR data. The presence of brine 
solution data is useful because PNNL is initially focusing on obtaining data in brine solutions for 
reasons described previously. The literature results presented here cover the same 
dependencies that PNNL has been evaluating for the past 18 months for the DOE-NE program. 
Much of the CISCC data in the literature evaluate CISCC qualitatively (e.g., crack or no-crack) 
rather than quantitatively. However, a relatively small number of studies report CISCCGR 
dependence on selected environmental and material parameters. Speidel (1977, 1981) 
produced among the largest amount of CISCCGR data that assessed dependencies on 
selected environmental and material conditions and his work will be frequently referenced here. 

3.1.1 Stress Intensity Factor (K) Effects 

Stress intensity factor (K) dependence is reviewed first because it indicates that CISCC of 300-
series stainless steels in chloride salt environments exhibits a distinct threshold K (Kth) response 
where no CISCC growth occurs below this value, and then above that value, CISCC growth is 
nearly independent of K. A consistent trend for 300-series stainless steel to exhibit this 
threshold-plateau dependence on K, shown for example in Figure 4, is widespread in the 
literature. As will be shown later, Kth varies with material, material condition, and environment. 

 
Figure 4. CISCCGR of various 300-series stainless steels as a function of stress intensity as 

reported by Speidel (1981). 

from Speidel (1981) 
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3.1.2 Temperature Effects 

The majority of the available CISCCGR measurements from the literature have been reported 
by Bryan (2016) and Gorman et al. (2014), with Bryan's compilation as a function of test 
temperature provided in Figure 5. Many of the values reported by Bryan were obtained from 
studies that did not report growth rates. Bryan used available data (reported crack length and 
exposure time) in those studies to estimate CISCCGRs. Data from both immersed and 
deliquescent humid air conditions are included in the figure. The data are not sorted by K value, 
but if the literature trend for K-independent CISCCGRs above a threshold stress intensity is 
correct, then variations in K value within the dataset should have little impact on the resulting 
temperature dependence. This compilation plot includes growth rates measured from tests 
using sodium chloride (NaCl), magnesium chloride (MgCl2), and simulated sea salt, sometimes 
with other minor additions. The combined dataset generally shows a consistent temperature 
dependence with an activation energy of ~85 kJ/mol, albeit with a 100x scatter band across the 
entire temperature range (Broussard et al. 2019). 

 
Figure 5. Bryan (2016) compilation of CISCCGR values obtained from the literature. Colored 

data: brine solution tests; gray data: humid air tests. 

No systematic studies of temperature effect on Kth exist, but the extensive work of Speidel 
(1977, 1981) contains indirect assessments. In particular, for measurements of CISCCGR of 
sensitized 304 in NaCl brine, Speidel observed that obtaining CISCC growth became less likely 
at lower temperatures, although he did not postulate that temperature was affecting the Kth 
value for CISCC growth. 

3.1.3 Salt Composition and Salt Loading Effects 

The lack of literature studies evaluating how salt composition affects CISCCGR is surprising 
considering its potential importance. However, some existing qualitative studies have evaluated 
the effect of chloride salt type. For example, Shoji and Ohnaka (1989) showed that for 

from Bryan (2016) 
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deliquescent conditions, NaCl was less likely to cause CISCC than MgCl2, calcium chloride 
(CaCl2), and zinc chloride (ZnCl2). Similarly, Prosek et al. (2009; 2014) concluded that CISCC 
was least likely to occur with NaCl and most likely to occur with CaCl2. 

The effect of mixtures of chloride and non-chloride salts on SCC growth rate has been even less 
studied despite their presence in salts deposited from the atmosphere. Nitrate salts are of 
particular interest because they are known to suppress pitting corrosion in 300-series stainless 
steel (Leckie and Uhlig 1966, Cook et al. 2017). Perhaps the earliest known paper evaluating 
the effect of nitrate salts on SCC is by Rideout and Mittelberg (1964) who showed that nitrate 
salts added to various chloride salts in solution could prevent or reduce SCC. He et al. (2014) 
found that SCC was accelerated for deliquescent conditions with mixed salts containing NaCl 
and ammonium nitrate salt (NH4NO3). The increase in SCC susceptibility in that work is 
attributed by the authors to NH4NO3 causing a combination of lower pH and severely depressing 
the mutual deliquescence relative humidity (DRH). 

Salt loading effects on SCC growth rate are another area with very limited data. PNNL will 
summarize the literature in this area at a later date. 

3.2 Effect of Material and Material Condition on CISCC Growth 

3.2.1 Effect of Alloy Type and Alloy Variant 

Several published studies have assessed material dependence of CISCC in both immersed and 
deliquescent conditions. Again, the work of Speidel (1977, 1981) may be the widest ranging, 
covering at least five variants of 300-series stainless steel in nearly saturated NaCl (Figure 4). 
Tests conducted at 105°C show a threshold K of ~20 MPa√m for 304L, 20–25 MPa√m for 316L, 
and 35–40 MPa√m for 304. Shaikh et al. (2001) reported threshold K values of 13 and 17 
MPa√m for 316 and 304N, respectively for tests conducted in a concentrated NaCl solution with 
small amounts of Na2SO4 and HCl. These limited observations from two different researchers 
make it difficult to draw any clear conclusions about the dependence of Kth on alloy type and 
variant. 

For CISCC growth behavior above Kth, Speidel (1981) has the most thorough analysis of the 
effect of alloy type and alloy variant for CISCC growth behavior in concentrated brines, in 
particular for NaCl brine. Speidel (1981) not only obtained data on the effect of Ni and Mo on 
CISCC behavior, but he also provided indirect data on variations in CISCCGR as a function of 
alloy type. These data show that for a near-saturated NaCl solution at 105°C, 304L and 316L 
exhibit the same CISCCGR of 3–4×10-6 mm/s while 304 exhibits a slightly lower CISCCGR of 
~1×10-6 mm/s. In tests performed by Shaikh et al. (2001) in near-boiling and boiling solutions of 
NaCl with small amounts of Na2SO4 and HCl, a CISCCGR of 1.3×10-5 mm/s for 304N, 4.0×10-6 
mm/s for 316, and 1.8×10-6 mm/s for 316LN was reported. 

Among the qualitative tests evaluating combined CISCC nucleation and growth, Prosek et al. 
(2014) observed that in CaCl2-deliquescent conditions across a wide range of temperature and 
RH values, 304L was more susceptible than 316L to CISCC, although this behavior 
encompassed both crack initiation and crack growth, and CISCCGRs were not reported. Shoji 
and Ohnaka (1989) performed semiquantitative tests in sea salt, MgCl2, CaCl2, and ZnCl2 
deliquescent conditions and found that 304 exhibited a 1.3-5x higher CISCCGR than 316L. For 
constant load tensile testing conducted in deliquescent conditions, Mayuzumi et al. (2008) found 
that 304 specimens failed in about half the time of 304L specimens. Kosaki (2008) measured 
CISCCGRs under deliquescent conditions and found that 304L exhibited an approximate 2x 
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higher propagation rate than 304. Kosaki (2008) also observed that 316LN was more resistant 
to CISCC growth than 304 or 304L. 

These data in aggregate indicate that CISCC susceptibility of 304/304L is higher than 316/316L 
as is expected due to the lower Mo (and correspondingly lower Ni content) of 304/304L. 
Drawing out trends beyond this is difficult with the available literature data. 304N/316N (high N 
content) appear to be more susceptible than their non-N counterparts. The data are unclear on 
whether L-grade materials are more susceptible than their non-L counterparts. 304L tested by 
Mayuzumi et al. (2008) and Kosaki (2008) was found to be more susceptible than 304, whereas 
Speidel (1981) observed 304 to have a slightly lower CISCCGR than 304L. It has been 
suggested that martensite formation results in higher CISCC susceptibility, and because carbon 
and nitrogen are both body center cubic stabilizers that affect martensite formation, it is 
reasonable to expect that if 304N/316N are more susceptible than their non-N counterparts. For 
these same reasons, 304/316 should be more susceptible than 304L/316L. 

3.2.2 Effect of Sensitization 

Sensitization of a stainless steel is considered to be a means to approximate the microstructure 
that forms in a heat affected zone (HAZ). The SCC susceptibility of HAZ regions for a particular 
SCC environment is often estimated by performing SCC tests on a piece of the material in a 
sensitized condition. This is because it is much easier to perform an SCC growth rate test on a 
piece of uniformly sensitized material than it is in a narrow HAZ region that typically has an 
undulating shape. 

A consistent effect of sensitization was observed by Speidel (1981) and Shaikh et al. (2001), 
with both reporting that sensitization substantially reduces Kth for CISCC growth. Speidel 
reported that for 304, the Kth dropped from ~30 MPa√m for material in an as-received condition 
to 5-10 MPa√m in a sensitized condition (Figure 6). Shaikh et al. (2001) reported that Kth 
dropped from 17 MPa√m for as-received 304N to 11 MPa√m for a sensitized condition. For 316, 
a change from 13 MPa√m to 10.5 MPa√m was observed by Shaikh. 

Both Speidel (1981) and Shaikh et al. (2001) report that sensitized material exhibits a somewhat 
higher CISCCGR for K values above Kth. Speidel's data suggest as much as a 10x higher 
CISCCGR for 304 while for Shaikh's experiments on 304N, only a 2x higher CISCCGR was 
reported. 

3.2.3 CISCC Dependence on Cold Work 

There is limited data on the effect of cold work (CW) on Kth. Shaikh et al. (2001) found that 10% 
and 20% CW progressively lowered Kth for CISCC growth in 304N SS from 17 MPa√m for as-
received material to 9 MPa√m for 10% CW to 3 MPa√m for 20% CW. Russell and Tromans 
(1979) observed no significant difference in Kth for 25 and 50% CW 316L in boiling MgCl2. No 
other data on the effect of CW on Kth exists. 

Somewhat surprisingly, while Shaikh et al. noted significant reductions in the Kth at increasing 
CW levels, the CISCCGR (above the threshold) of cold worked material was found to be lower 
than the as-received material, as shown, for example, in Figure 7. In this same study, Shaikh et 
al. tested 20% CW 304N and observed it to also have a CISCCGR below that of as-received 
material, although it was higher than the 10% CW material. Russell and Tromans observed that 
50% CW 316L exhibited small, but consistently higher CISCCGR than 25% CW 316L as shown 
in Figure 8. No comparison was made to as-received material. 
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Figure 6. Effect of sensitization on CISCC growth of 304 SS in an NaCl solution by 

Speidel (1981). 

 
Figure 7. CISCCGR of 304N SS in an NaCl solution as a function of temperature as reported 

by Shaikh et al. (2001). 
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Figure 8. CISCCGR of 316L SS in a boiling MgCl2 as a function of temperature as reported by 

Russell and Tromans (1979). Region II in the y-axis designation refers to CISCC 
growth at K ranges where the CISCCGR is independent of K. 

3.2.4 Heat-to-Heat Effects on CISCC Growth Behavior 

Analysis of heat-to-heat variability on Kth and CISCCGR is nonexistent in the literature. 

3.3 Literature Data Discussion 

As illustrated by the small number of literature sources available, a very limited amount of data 
exist evaluating CISCC growth behavior as a function of what are expected to be important 
environmental and material dependencies. However, reasonable consistency exists in CISCC 
growth behavior among the studies presented. 

First, there is a consistent trend in the literature for 300-series stainless steel to exhibit CISCC 
growth following a threshold-plateau dependence on K, although more information is needed to 
better understand how environmental and material variables affect Kth and the plateau 
CISCCGR. In addition, there is value to confirming this behavior using more modern SCC 
growth rate testing techniques. 

Another clear trend in the literature is for the CISCCGR to exhibit an Arrhenius dependence on 
temperature with an activation energy in the range of 65–85 kJ/mol as previously shown by 
Bryan (2016). However, studies evaluating the temperature dependence of Kth were not found. 

With regard to salt composition, the type of chloride salt does affect CISCC growth behavior 
with the available studies indicating that NaCl causes the least amount of susceptibility while 
CaCl2 causes the highest susceptibility; however, the susceptibility differences are not well 
quantified. The available literature indicates that NaNO3 does inhibit CISCC growth, but no 
quantitative measurements of CISCCGR reduction were found. 

Among the 300-series stainless steels being used for DCSS containers, namely 304, 304L, 316, 
and 316L, the clearest trend in the literature is that 304/304L is more susceptible to CISCC 
growth than 316/316L. This is not surprising because 316 was specifically designed to be more 

154°C 

136°C 

116°C 

from Russell (1979) 
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corrosion resistant through added Mo (and Ni to maintain austenite phase stability). Additional 
trends for alloy variant are less clear, in particular, there is mildly inconclusive evidence for 
whether L-grade or non-L-grade materials are more susceptible. The available data in 
aggregate lean toward the non-L-grade materials being more susceptible. 

The limited literature data indicate that sensitization increases CISCC susceptibility, both 
causing a reduction in the threshold K for CISCC growth and causing a mildly higher CISCCGR. 

Surprisingly, the literature indicates that cold worked 300-series stainless steel does not exhibit 
a higher CISCCGR, however there is consistent indication that Kth for crack growth is reduced 
for cold worked material. 
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4.0 Recent DOE-NE CISCC Program Test Results 

While the NRC funding has been insufficient to allow purchasing any test systems to conduct 
CISCC testing, four test systems were constructed at PNNL under the DOE-NE Spent Fuel 
Waste Disposition program and have been in near continual use. The first system was 
completed in early FY20, and the fourth system was completed in late FY20. Testing began in 
early FY20 with nearly all tests, to date, conducted in NaCl brine solutions. Because NRC and 
DOE-NE research needs are closely aligned, tests that have been conducted for the DOE-NE 
program have significant relevance to the NRC test plan. A review of these tests (Toloczko et al. 
2021), all of which are relevant to NRC interests, is provided here. 

4.1 Shakedown Testing 

Evaluation of the DOE-NE test system DCPD capability in brine solutions focused first on 
improving signal-to-noise ratio (SNR) because early test data had unacceptably high noise 
levels. Over the first year of test system operation, several methods to improve the SNR were 
identified and implemented, resulting in SNRs that rival what PNNL attains in high temperature 
water. Short-time frame and long-time frame SNRs were both greatly improved. The short-time-
frame SNR is represented by the reading-to-reading variability. The associated short-time noise 
level was reduced through improved electromagnetic noise-suppression techniques. The long-
time-frame SNR is controlled more by environmental variability, primarily test temperature. 
Tuning of the temperature controller proportional-integral-derivative algorithms and water flow 
rate stability were helpful in reducing long-time-frame noise levels. Current test data indicate 
that SNRs are sufficiently low to be able to readily measure CGRs as low as 1×10-9 mm/s for a 
reasonable observation period (e.g., no more than 500 hours). 

A detailed evaluation of crack length calibration for compact tension (CT) specimens in 
concentrated brine solutions has yet to be performed, but the limited number of observations 
that have been made indicate that the calibration factor is largely unaffected by the presence of 
high conductivity water in the crack and surrounding the specimen. In fact, the calibration factor 
appears to be the same as the air calibration factor. This was somewhat surprising considering 
that the PNNL calibration factor for DCPD crack length measurement in simulated pressurized 
water reactor (PWR) primary water is about 25% higher than the air calibration factor. 
Considering that concentrated brine solutions have ~104 higher conductivity than simulated 
PWR primary water, in high temperature water conditions, it is likely that the larger calibration 
factor is due to unbroken ligaments in the wake of the crack and possibly the formation of 
conducting metal oxide bridges across the crack wall. Neither of these features are expected to 
be present in the crack of a 300-series stainless steel during a CISCC test. 

Due to a delay in fixture fabrication, proof testing of four-point bend (4PB) specimens for the 
DOE-NE program has not yet begun. 

4.2 Tests in Brine Solutions 

4.2.1 Overview 

Substantial, but still incomplete, effort has gone into evaluating selected dependencies in brine 
solutions. The primary focus areas have been: 

• Measurement of CISCCGR as a function of stress intensity 
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• CW effects using 10% cold tensile strained (CTS) material 

• Heat-to-heat and material-to-material variability 

• Inhibitor effects, thus far using NaNO3 as an inhibitor 

While substantial amounts of crack growth data have been generated by PNNL in the last 18 
months, much more work could be done in each of these topic areas and others. In particular, 
all tests thus far have only been conducted in a base solution of NaCl whereas there could be 
substantial value in having performed some tests in a base solution of MgCl2. Also, no attempt 
has yet been made to evaluate the temperature dependence because the PNNL data are falling 
exactly within the literature trend band assembled by Bryan (2016) (Figure 9). 

Summary results from the DOE-NE program in each of the four areas of effort are provided 
here. All tests, to-date, have been conducted in water at 40°C with NaCl at either 70% of 
saturation (4.3M) or at 97% of saturation (5.9M). The water is continuously air-saturated and 
filtered down to a particle size of 1 µm. These results should all be considered preliminary 
because post-test analysis of the specimens to verify DCPD-indicated crack length have yet to 
be performed. 

 
Figure 9. Compilation of literature CISCCGR measurements assembled by Bryan (2016) with 

PNNL data added to the plot. 

4.2.2 Materials 

For the DOE-NE project, three task materials—two heats of 304L and one heat of 316L—were 
procured with their composition and selected properties as listed in the certified materials test 
reports (CMTRs) shown in Table 1 and Table 2, respectively. All materials were obtained in a 
mill annealed (MA) condition. Note that 304L-P1, 304L-P2, and 316L-P1 are abbreviated heat 
names. Heats 304L-P1 and 316L-P1 were produced by the same mill. The composition of the 
two 304L heats is nearly identical except that 304L-P1 has 0.41 Mo while heat 304L-P2 has 

from Bryan (2016) 
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0.10 Mo. Molybdenum content is not specified in the ASTM A240 specification for 304L 
stainless steel with the intent that it is not a required constituent. Both of the Mo levels are low 
compared to the 316 specification of 2.0 Mo, but without an increase in Ni content to match the 
higher Mo content, heat 304L-P1 will have a greater tendency to form ferrite and martensite 
during deformation, which will increase the work hardening rate (ASM International 2000). 
Molybdenum is also a solid solution strengthening element in stainless steels and provides 
additional corrosion resistance (ASM International 2000). A third heat of 304L, heat N85426, is 
also being used for much of the early testing. This 19 mm thick plate heat was previously 
obtained for another program. Composition and properties are listed in Table 1 and Table 2, 
respectively. A heat of 304 in a sensitized condition is also being used for one test evaluating 
stress intensity effects on CISCCGR, and its composition is also listed in Table 2. 

Table 1. Composition, as listed in their CMTR, of the stainless steels used for CISCC testing. 
 

 
 

Elemental Composition (%) 

Matrl Heat/ID Name C Co Cr Cu Mn Mo N Nb Ni P S Si Ti Fe 

304L ASTM A240 Spec <0.03 --- 18-20 --- 2.0 --- 0.10 --- 8-11 <0.045 <0.030 0.75 --- bal. 

" 04E28VAA 304L-P1 0.017 0.23 18.1 0.41 1.78 0.414 0.080 0.014 8.03 0.037 0.001 0.24 0.002 bal. 

" SD41059 304L-P2 0.019 0.21 18.2 0.34 1.63 0.100 0.073 0.010 8.16 0.028 0.008 0.39 0.003 bal. 

" N85426 none 0.024 --- 18.8 0.26 1.53 0.270 0.060 --- 8.00 0.035 0.009 0.61 --- bal. 

304 ASTM A240 Spec 0.08 --- 18-20 --- 2.0 --- 0.10 --- 8-10.5 <0.045 <0.030 0.75 --- bal. 

" 710183-1B none 0.050 --- 18.6 0.36 1.72 0.31 0.060 --- 8.40 0.029 0.005 0.33 --- bal. 

316L ASTM A240 Spec <0.03 --- 16-18 --- 2.0 2-3 0.10 --- 10-14 <0.045 <0.030 0.75 --- bal. 

" 02D84WAB 316L-P1 0.017 0.36 16.7 0.48 1.18 2.002 0.062 0.023 10.09 0.037 0.001 0.28 0.004 bal. 

Table 2. Selected properties from the CMTR of four heats of stainless steel used for CISCC 
testing. 

Material Heat Name YS 0.2% 
(MPa) 

Hardness 
(HRB 
scale) 

Grain Size No. 
(ASTM E112.13) 

Avg. Grain 
Size (µm) 

304L 04E28VAA  304L-P1 292 81 6.7 35 

304L SD41059 304L-P2 242 78 5.2 59 

304L N85426 none 267 79 not provided not provided 

316L 02D84WAB 316L-P1 270 81 6.5 38 

The task-specific materials were purchased as 1.5 in. thick plate. A plate material thicker than 
what is used to make DCSS containers was required to allow CT specimens to be oriented so 
that crack growth occurs in the same direction relative to the plate geometry as it would in a 
DCSS container. The orientation of the tensile straining and test specimens relative to the plate 
dimensions and plate mill processing direction are provided in Figure 10. Microstructure in 
modern continuously cast and rolled (CCR) plate stainless steel is commonly anisotropic in 
appearance (Raabe 1995) (typical examples shown in Figure 11 to Figure 13 for the acquired 
materials), so orienting test specimens to obtain realistic crack growth directions through the 
microstructure is a step toward ensuring that observed CISCC response is as representative as 
possible. 
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Figure 10. Orientation of tensile straining and CT specimens relative to the plate dimensions 

and mill plate processing direction of the PNNL CISCC testing materials. 

The specimens for optical microscopy were prepared by polishing to a 1 µm finish and then 
etched with 10% oxalic acid at 7 V in 30 second increments until grain boundaries were readily 
identifiable. The optical images shown here are from the mid-thickness of the plate where crack 
growth would occur in CT specimens cut from this plate due to the size of the specimen relative 
to the plate thickness. 4PB specimens are not as tall and can be taken from anywhere in the 
thickness. As will be shown, the microstructure in the mid-thickness of each heat was relatively 
uniform without any obvious issues, but some heats have variable microstructure from top to 
bottom of the plate that is common for CCR materials. There may be value in assessing CISCC 
response at the top and bottom of the plate using 4PB specimens because these 
microstructures may be representative of crack nucleation and growth from the surface of a 
DCSS container plate. 

Typical of CCR materials, grain banding is present and visible in both the crack plane view (left 
image) and cross-section view (right image) of Heat 304L-P1 (Heat 04E28V) as shown in 
Figure 11. Note that despite the grain banding, the grain shape is relatively equiaxed. Twinning 
occurs with moderate frequency throughout the microstructure. A relatively minimal amount of 
grain size variability is present with an average grain size of 35 µm taken from the CMTR. This 
fine grain size is likely contributing to the higher strength of this heat compared to heat 304L-P2 
that has an average grain size of 59 µm (also taken from the CMTR). A modest number of 
carbides and other precipitating or secondary phases are seen within grains (seen as small 
bright spots), occurring homogeneously throughout the sample. No obvious aggregation of 
carbides or secondary phases was observed at grain boundaries. A common characteristic of 
CCR materials is strong microstructural variability from top to bottom of the plate (Raabe 1995), 
and the microstructure of this plate exhibits some variability in this direction. 
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Figure 11. Dark field optical imaging of 304L-P1 in the short-transverse(ST) and short-

longitudinal (SL) plane relative to the plate shape and plate processing direction. 

The lack of any grain banding or carbide banding of Heat 304L-P2 (Heat SD41059) (Figure 12) 
makes this microstructure somewhat atypical of CCR materials. The average grain size of 
59 µm is 1.7x larger than in Heat 304L-P1. Coarser carbides and other secondary or 
precipitating phases are visible as bright dots occur throughout the microstructure, occasionally 
present along grain boundaries and in dense concentrations within individual grains. The 
microstructure from the top to bottom of the plate (not shown here) is relatively uniform for this 
plate of material. 

The microstructure of Heat 316L-P1 (Heat D84W) presented in Figure 13 is typical of CCR 
materials. Grain banding is clearly present in the SL plane, but the grain shape is still equiaxed. 
The average grain size as taken from the CMTR is 38 µm. Twinning occurs with low-to-
moderate frequency throughout the microstructure. Carbides and secondary phases appear 
infrequently throughout the overall microstructure, although they sometimes occur in high 
densities within individual grains. A relatively uniform microstructure from top to bottom of the 
plate was observed (not shown here) except for in the very mid-thickness. 

Crack Plane View 

Rotate 90° 

Cross Section View 
of Crack Plane 
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Figure 12. Dark field optical imaging of 304L-P2 in the ST and SL plane relative to the plate 

shape and plate processing direction. 

 
Figure 13. Dark field optical imaging of 316L-P1 in the ST and SL plane relative to the plate 

shape and plate processing direction. 
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4.2.3 Test Results 

Measurements of CISCCGR as a function of stress intensity are presented in Figure 14 and 
Figure 15 with two different fits to the data. Two materials are currently being evaluated with the 
majority of the data obtained thus far the sensitized 304 SS. The sensitized 304 SS (heat 
710183-1B) exhibits significant CISCCGRs down to 1.5 MPa√m. If this sensitized 304 material 
is following a threshold-plateau trend consistent with the literature (as shown for example in 
Figure 6), Kth may be low or nonexistent. For the 304L (heat N85426), only measurements at K 
values as low has 16 MPa√m have been performed. Testing at lower K values was delayed to 
focus on evaluating other environmental dependencies using the available test systems. The 
304L SS data can be roughly fit to a plateau response. 

 
Figure 14. CISCCGR as function of stress intensity for one heat of 304L SS and one heat of 

sensitized 304 SS with a plateau fit to the data. 

The data were also fit to a power law dependence (Figure 15) because austenitic stainless 
steels SCC growth rates exhibit a power law stress intensity dependence when tested in high-
temperature nuclear reactor core water. A compelling power law fit for both materials is evident, 
suggesting that test methods used by PNNL may be leading to different, possibly more 
representative specimen response. 

While the PNNL results can be interpreted as merely duplicating the trend observed in the 
literature, the reproduction of the literature trend indicates that PNNL test methods are 
producing results consistent with past researchers, thus acting as a verification tool. Another 
important outcome is that the majority of the literature data was generated at significantly higher 
tests temperatures, typically close to the boiling point of the brine solution where faster, more 
stable crack growth is obtained, while the PNNL data were obtained at a test temperature of 
40°C. Several researchers, such as Speidel (1981), have noted difficulty in obtaining CISCC 
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growth in brine solutions at temperatures below 50°C. Thus, obtaining reproducible data 
showing the same threshold behavior but at 40°C is a significant aspect of the PNNL research, 
revealing that CISCC growth at near-ambient temperatures readily occurs and is following the 
same stress intensity dependence as at elevated temperature. 

 
Figure 15. CISCCGR as function of stress intensity for one heat of 304L and one heat of 

sensitized 304 with a power law fit to the data. 

Thus far, evaluation of CW effects has been limited by having only four CISCC test systems and 
a need to obtain early data on various material and environmental influences. The CISCCGR 
data that have been obtained are provided in Figure 16 where comparisons are made between 
the as-received condition and a 10% CTS condition. For the 304L SS heats, there is no obvious 
effect of 10% CW on CISCCGRs while for the one 316L heat that is being evaluated, the early 
data indicate that a 10x increase in CISCCGR occurs then the material is in 10% CW condition. 

A unique response among the CISCC observations in Figure 16 is the response of a 10% CW 
304L SS Heat P2 specimen noted by the light red plot symbol with the arrow connecting down 
to a standard red plot symbol. As shown in Figure 17, this specimen (CT221) initially exhibited a 
CISCCGR of 5.1×10-7 mm/s which is the highest value recorded at PNNL in this environment, 
and then with no change in test conditions, the growth rate decreased abruptly by almost two 
orders of magnitude. Then it slowed somewhat further to a final steady CISCCGR of 3.3×10-9 
mm/s as presented in Figure 18. The three other companion specimens in this test (one 
specimen of 304L SS Heat P2 shown in Figure 17, and two specimens of 304L SS Heat P1) 
showed no change in behavior which clearly indicates that something unique happened with 
CT221 that caused the growth rate to decrease dramatically. Planned post-test observations will 
likely provide insight into the behavior of this specimen. 
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As discussed in Section 3.2.3, the limited literature data indicate that CW has little or no effect 
on CISCCGRs with the study by Shaikh (2001) on 304N SS showing a lower CISCCGR in a 
10% CW condition and the study by Russell (1979) on 316L SS showing almost no difference in 
CISCCGR between 25 and 50% CW. Thus, in a general sense, the PNNL data match the 
literature; however, differences appear to be accumulating. Perhaps the most important 
observation is that the PNNL 316L SS material went from a very low CISCCGR in the as-
received condition to a 10x higher, moderately high CISCCGR in the 10% CW condition. This 
difference in CISCCGR may be due to CW affecting Kth value for CISCC growth. Shaikh (2001) 
observed Kth of 304N SS dropping from 17 MPa√m in the as-received condition to 9 MPa√m in a 
10% CW condition and dropping to 3 MPa√m in a 20% CW condition. 

 
Figure 16. Effect of 10% CW on CISCCGR of two heats of 304L SS. 
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Figure 17. Crack growth response of CT221 and CT222 (two 304L Heat P2 specimens) in a 

concentrated NaCl brine. 

 
Figure 18. Crack growth response of CT221 (304L Heat P2 material) in a concentrated NaCl 

brine. 
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This indication that CW reduces Kth for CISCC growth is important because grinding or handling 
operations that are applied to the surface of the containers as they are constructed or moved 
will produce a shallow CW layer that typically has a high degree of CW. This may allow for 
cracks to become started at low-stress intensity in this shallow CW surface layer and then 
maintain growth into the thickness of the plate that is likely to have much lower CW levels. 

Heat-to-heat and material-to-material variability are summarized by the plot in Figure 19 and 
covers response of three heats of 304L SS, one heat of 304 SS in a sensitized condition, and 
one heat of 316L SS. One trend suggested by the data is that all three of the 304L SS heats are 
exhibiting the same range of CISCCGRs. The average CISCCGR for heats N85426, PNNL 
Heat 1, and PNNL Heat 2 are 9.3×10-8 mm/s, 8.7×10-8 mm/s, and 1.1×10-8 mm/s, respectively, 
confirming the qualitative assessment that the three different heats are exhibiting very similar 
CISCCGRs. The combined average CISCCGR is 9.5×10-8 mm/s. 

The very limited data that have been generated on 316L SS indicate that it is significantly less 
susceptible than 304L SS to CISCC growth in NaCl. However, having only two data points from 
two specimens at one stress intensity is insufficient to draw any defendable position on the 
behavior of 316L, so substantially more testing is needed to understand its susceptibility. 

The two specimens made from sensitized 304 SS are exhibiting an average CISCCGR of 
~2.5×10-8 mm/s, which is about 25% of the average of the three heats of 304L SS. So, while this 
sensitized heat of 304 SS exhibits steady growth down to very low K values, the CISCCGR is 
clearly below that of the 304L SS. 

 
Figure 19. All PNNL CISCCGR data, to date, obtained in pure NaCl solutions. 

The fourth area of effort has been to evaluate the effect of sodium nitrate (NaNO3) as an 
inhibitor to CISCC growth. It has been reported to be an effective inhibitor to corrosion (Leckie 
1966, Cook 2017) and to CISCC initiation (Rideout 1964), but its ability to specifically inhibit 
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CISCC growth has not been reported. Sodium nitrate is present in large quantities on the dry 
storage containers, often at an NO3 to Cl molar ratio of greater than 1:1 for the dry storage 
container dust samples that have been obtained by Sandia National Laboratories (Bryan 2014, 
Bryan 2016, Bryan 2020a, Bryan 2020b). The lowest molar ratio of nitrate to chloride ions on the 
inland container dust samples is 1:2 while for the seaside dry storage containers the lowest ratio 
is 1:25. Only ~10% of the container dust samples have a nitrate to chloride ratio below 1:1. 

Initial evaluation of sodium nitrate effects on CISCC growth is either underway or completed on 
a total of five specimens. One specimen — CT217, which is fabricated from heat N85426 — is 
being tested individually, while the other four specimens comprising two specimens each of heat 
P1 and heat P2 are being tested together in one test system. A summary of the specimens, 
environmental conditions, and specimen response is presented in Table 3. Thus far, all testing 
has been with a base solution of NaCl either at 97% of saturation (5.9M) or 70% of saturation 
(4.3M) with three different heats of 304L SS being evaluated. 

Four of the five specimens (i.e., CT217, CT203, CT204, CT205) representing all three heats of 
304L SS being tested at PNNL have exhibited substantial reductions in CISCCGR with only a 
1:24 molar ratio of NaNO3 to NaCl. As indicated in Table 3, the effect of NaNO3 on CISCC 
growth of CT217 and CT203 has been observed twice. Example crack growth plots for these 
four specimens are provided in Figure 20 and Figure 21. One specimen of heat P2 (CT206) was 
unaffected by NaNO3 additions as high as 1:9 and has in fact, exhibited small but clearly 
measurable crack growth rate increases for up to 1:9 as demonstrated in Figure 22 and Figure 
23. However, when the ratio was increased to 1:4 the CISCCGR dropped and has been erratic 
as shown in Figure 23 and Figure 24. This test is ongoing, and the current average CISCCGR is 
2.3×10-8 mm/s which is 12x lower than the growth rate without NaNO3 additions, however the 
CISCCGR is still considered high, and so higher concentrations of NaNO3 will be evaluated. As 
noted in Section 4.2.1, until post-test observations of the specimens can be performed, these 
results should be considered preliminary. 

Table 3. Summary of sodium nitrate inhibitor effects on CISCC growth of 304L SS. 

Specimen 
ID 

Heat NaCl 
concentration 

NaNO3 Concentration 
(molar ratio of NaNO3 

to NaCl) 

CISCC Growth Rate 
(mm/s) 

CT217 N85426 5.9M none 2.6×10-7 

" " " 1:24  <1×10-9 [260x reduction] 

" " 4.3M none 7.1×10-8 

" " " 1:9 2.8×10-9 [25x reduction] 

CT204 P1 5.9M none 2.1×10-8 

" " " 1:24 2×10-10 [100x reduction] 

CT205 P2 5.9M none 1.5×10-8 

" " " 1:24 8×10-10 [19x reduction] 

CT203 P1 5.9M none 1.1×10-7 

" " " 1:24 4×10-10 [275x reduction] 

" " 4.3M none 7.8×10-8 

" " " 1:4 3×10-10 [260x reduction] 

CT206 P2 5.9M none 7.8×10-8 

" " " 1:24 1.2×10-7 [1.5x increase] 
" " " 1:12 1.3×10-7 [1.7x increase] 
" " " 1:9 6.7×10-8 [1.2x reduction] 

" " 4.3M none 2.0×10-7 
" " " 1:9 2.8×10-7 [1.4x increase] 
" " " 1:4 2.3×10-8 [12x reduction] 
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Figure 20. CISCC growth response of CT217 before and after NaNO3 addition at a 1:24 molar 

ratio to NaCl. 

 
Figure 21. CISCC growth response of CT203 to CT206 before and after NaNO3 addition at a 

1:24 molar ratio to NaCl. 
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Figure 22. CISCC growth response of CT206 before and after NaNO3 additions up to a 1:9 

molar ratio to NaCl. 

 
Figure 23. CISCC growth response of CT206 (and CT203) before and after NaNO3 additions 

up to a 1:4 molar ratio to NaCl. 
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Figure 24. Detailed crack growth response of CT206 with 1:4 molar ratio of NaNO3 to NaCl. 

In addition to evaluating the effect of NaNO3 under constant load CISCC conditions, the effect is 
also being evaluated under cyclic loading corrosion fatigue conditions using specimen CT217 
(heat N85426). A comparison of the corrosion fatigue response with and without NaNO3 
additions is provided in Figure 25. When there is no NaNO3 in the water, the specimen exhibits 
a strong corrosion fatigue response at gentle load cycling conditions where the corrosion fatigue 
component of crack extension can dominate the mechanical fatigue contribution. However, 
when NaNO3 is present, the response in the brine solution approximately follows the air fatigue 
crack growth rate down to gentle load cycling conditions. As can be seen in the plot, this 
behavior has been verified multiple times. Examples of the crack growth response at 980s/20s 
(0.001 Hz sawtooth with 980 s rise time and 20 s fall time) with and without NaNO3 are provided 
in Figure 26 and Figure 27, respectively. When no NaNO3 is present, some slowing typically 
occurs over a typical observation period of ~200 hours, but the crack growth rate settles above 
1×10-7 mm/s. When NaNO3 is present, the crack growth rate starts at a value that indicates 
substantial corrosion fatigue, but then slows substantially, often in step-changes. Evaluation of 
corrosion fatigue behavior of the other heats of 304L SS has yet to be performed due to other 
testing priorities, but this type of assessment will eventually be performed on those heats as 
well. 
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Figure 25. Fatigue crack growth rate of CT217 in brine solutions plotted against the estimated 

air fatigue crack growth rate showing the difference in behavior with and without 
NaNO3 additions. 

 
Figure 26. Corrosion fatigue growth of CT217 at 980s/20s load cycling without NaNO3 

additions. 
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Figure 27. Corrosion fatigue growth of CT217 at 980s/20s load cycling with NaNO3. 

The current outlook on the viability of NaNO3 to serve as an SCC inhibitor is cautiously 
optimistic. Four out of five specimens exhibited cessation of CISCC growth after small additions 
of NaNO3, and it appears that corrosion fatigue is also inhibited for the one specimen where it 
was evaluated. However, one specimen was unaffected by small additions of NaNO3. This 
specimen is currently exhibiting some indication of CISCC growth inhibition with somewhat 
higher levels of NaNO3. Dry storage container dust samples taken from seaside locations have 
higher chloride concentrations, and the minimum ratio of NO3 to Cl, to date, is 1:25 that was 
found on one dust sample. The next lowest was 1:17. The lowest ratio on the measured inland 
containers is ~1:4 (Bryan and Enos 2014; 2016). This suggests that there may be value to 
considering inhibitor effects based on container location. 

One aspect of inhibitor testing that needs substantially more investigation is the effect of 
additional, representative salts. While nitrate-to-chloride ratio on the containers is typically large, 
there are even greater amounts of sulfates and carbonates. MgCl2 has yet to be observed on 
any dust samples, likely due to acid gas reactions causing decomposition at elevated container 
surface temperatures. However, as containers cool, the ability for MgCl2 to be sustained 
appears to be possible, at least for the coastal sites. 
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5.0 Original Test Plan 

5.1 Overview 

The original test plan broke the testing down into three phases:  

1. Calibration and proof testing of new test equipment in concentrated salt solutions.  

2. Establish CISCC growth dependence on key variable in concentrated salt solutions.  

3. Measure CISCC growth dependencies on key variables in relevant deliquescent humid air 
conditions. 

5.1.1 Phase 1 Overview 

The DCPD crack length measurement method estimates crack length from an electrical voltage 
measured across the crack plane of a specimen with an applied direct current running through 
it. An assessment of the DCPD calibration needs to be performed because the use of brine 
solutions that are highly conductive will fill the crack and may affect the DCPD calibration. The 
ratio of the conductivity of 300-series stainless steel to the conductivity of a saturated solution of 
NaCl is ~5×104, which is a high ratio suggesting that brine solutions in the crack will have little 
effect on the DCPD voltage reading, but the solution is in contact with the entire exterior surface 
of the specimen, and it is in the crack. DCPD electrical current leakage around the crack and 
across the crack could affect the sensitivity of the measurement, and the conductive solution 
could affect DCPD noise levels through a stronger ground coupling. The initial series of tests 
should establish the use of CT specimens and 4PB specimens for CISCC testing in brine 
solutions and fine tune the DCPD calibration as needed. 

5.1.2 Phase 2 Overview 

Testing in a salt solution has the advantage of providing a consistent, known bulk water 
chemistry. While the crack-tip chemistry for an aqueous test is expected to differ from the bulk 
solution chemistry, aqueous testing will provide a more consistent crack-tip chemistry than 
testing salt-loaded specimens in humid air. The more consistent and better-known crack-tip 
chemistry will allow for a clearer identification of CISCC response in varying environmental 
conditions such as stress intensity, temperature, salt concentration, salt composition (including 
inhibitors), and material condition. A saturated brine environment also represents the best 
possible migration of a deliquescent solution into a crack during a humid air test where salt has 
been applied to the surface of a pre-cracked specimen. For these reasons, it is thought that 
SCC growth rates observed in humid air tests will be unlikely to exceed those observed during 
aqueous tests for the same intended salt concentration in the crack. However, at a minimum 
these tests in salt solutions will provide a guide for what may be seen during deliquescent humid 
air tests. 

5.1.3 Phase 3 Overview 

A stronger emphasis on material condition and heat-to-heat variability will be incorporated into 
this test matrix. Because of potential challenges with deliquescent solutions ineffectively 
migrating down a crack, test response is expected to be more varied, requiring more tests, 
longer test times, or both to effectively evaluate response. Humid air testing will eventually 
include assessing diurnal cycles. Total time to complete all currently planned tests is 3-4 years. 
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Testing duration can be decreased substantially with the construction of two additional test 
systems. 

5.1.4 Material Condition Overview 

An important factor to consider in selecting a test matrix is material condition. Deformation, 
especially cold deformation, has been shown to increase SCC susceptibility during LWR SCC 
testing of stainless steels, Ni-base alloys, and low-alloy steels. Deformation and higher strength 
can be caused by various events, including improper material processing conditions at the alloy 
fabricator, forming of the plate to make the cylindrical casks, material or component handling 
impacts, and local shrinkage strains in the vicinity of the seam-weld HAZs. Bending strains 
caused by rolling 15 mm thick sheet into an ~2.5 m diameter cylindrical shape to make a DCSS 
is <1% at the outer surface, but shrinkage strains around welds can easily exceed 10% 
deformation. In general, all these events are unavoidable, and as a result, the baseline material 
for a DCSS CISCC testing program should have some level of CW. Crack initiation and crack 
growth in LWR pressure boundary components has almost always been associated with 
deformation of a material from the same factors described for DCSS containers, and the 
currently postulated level of maximum possible deformation of pressure boundary structures is 
approximately 10-12% (EPRI 2017). Thus, many LWR SCC pressure boundary material testing 
programs have included cold worked material in their assessments. 

Three possible scenarios can be considered for the deformation level of the baseline condition: 
1) No CW, 2) mild CW, and 3) high CW. Because almost all LWR pressure boundary SCC 
cracks have been associated with unintended deformation, and because unintended 
deformation is expected in DCSS containers, an initial assumption for this effort is that SCC 
cracking of containers is most likely to occur in regions that have experienced CW. However, it 
is difficult to justify a particular level of CW to evaluate for this program. As a result of fabrication 
processes (welding, forming, and handling operations), isolated local regions of up to ~20% 
deformation may be possible. In particular, surface grinding can induce more than 30% CW in 
the ground region. However, the majority of the cold deformation is expected to be at a lower 
level. For this test plan, a tentative decision has been made to follow the LWR SCC community 
and assume a mild level of 10% CW as the baseline deformation condition. Since typical 
deformation in the containers is tensile deformation (due to plate forming and weld shrinkage 
strains), the 10% CW level will be achieved using tensile straining methods. These assumptions 
and approach may be revisited and altered after initial data have been collected. 

Another important material factor is the HAZ in the base metal around welds. Various 
microstructure changes can be induced in the HAZ with sensitization being the most commonly 
known change affecting SCC response. The reduction in chromium content along the grain 
boundaries associated with sensitization can result in higher SCC susceptibility because 
chromium aids in producing a stable passive layer. However, it is possible that other 
microstructural changes may have an effect. Thus, it will be important to assess HAZ response 
as part of the testing program even for L-grade stainless steels that are resistant to 
sensitization. 

Another material factor for the test program is heat-to-heat variability. Drawing again on LWR 
SCC experience, it has been observed that some materials exhibit higher susceptibility than 
others (EPRI 2017, 2002, 2004). Whether or not the microstructural factors that affect the 
variability can be determined, it is necessary to test multiple heats to quantify this variability as 
best as possible so that service response can be adequately estimated. An extensive 
characterization of heat-to-heat SCC growth rate variability requires testing a large number of 
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heats, likely well beyond what has been expected by the DCSS CISCC measurement 
community. For SCC growth rate measurements of next generation Ni-base alloys for PWR 
pressure boundary materials, PNNL tested more than ten heats of Alloy 690 (Toloczko et al. 
2016). The Electric Power Research Institute Alloy 690 PWSCC crack growth rate database that 
was assembled from multiple labs across the world tested 22 heats (EPRI 2017). For the PNNL 
research program, only one heat was tested extensively, but several others were tested semi-
extensively, and additional heats were tested at key environmental conditions. The current test 
plan will perform extensive testing on 2-3 heats. Targeted testing of additional heats within a 
reasonable time frame would require building additional test systems. 

5.1.5 Environmental Conditions Overview 

Environmental effects of interest include temperature, stress in the form of stress intensity on 
the crack, salt composition, salt concentration, RH, and diurnal effects. 

5.1.6 Test Matrix Overview 

Provided here is a short, bulleted list of the recommended evaluations in the original test plan. 

• Materials dependencies: 

– Heat-to-heat variability 

– Effect of sensitization 

– Effect of CW level 

• Environmental dependencies to be analyzed in order of importance: 

– Temperature. Testing will be conducted at 25, 40, 60°C. The range may be 
expanded. 

– Salt composition, including the use of inhibitors, and the possibly the effect of 
chloride loss via extended exposure without replenishing the salt 

– Salt loading in mass per unit area 

– RH 

– Realistic daily temperature and RH variation 

– Stress intensity 

5.2 Original Test Matrix 

A tabular form of the original test matrix was created for this report and is provided in Table 4 for 
brine solution tests and Table 5 for humid air tests. The time needed to complete the tests is 
estimated in system-months, which is total required test time. The estimated total time to 
complete the brine and humid air tests is calculated by dividing the total system-months by the 
number of test systems available. For example, 35 test system-months would take 18 months if 
two test systems were available and were continuously run. Factors such as test system setup, 
takedown, maintenance, and unexpected events add additional time. A realistic operational 
efficiency is ~85%. Baseline conditions for tests are as follows: 

• Baseline test condition in brine solutions 

– Stress intensity: The stress intensity will be above Kth and below the allowable Kmax for 
non-CW 304/316 which is ~30 MPa√m. A value of 25 MPa√m is recommended. 
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– Temperature: Tentatively recommended to be 40°C because of its relevance to 
expected SCC conditions on containers. Current estimates are that under atmospheric 
conditions, no deliquescence will occur until container temperatures drop below 40°C. 

– Salt composition: MgCl2. This chloride salt has the lowest DRH. 

– Primary salt concentration: Saturated solution at 20°C. 

– Alternate concentration: Ocean (approximately 0.6 molar NaCl). 

• Baseline test condition in humid air 

– Stress intensity: Same as for tests in brine solutions. 

– Temperature: Recommended to be 40°C.  

– Salt composition: MgCl2. This chloride salt has the lowest DRH. 

– Primary salt concentration: Sufficient to allow full coverage on the surface of a specimen. 

– RH: Slightly above the DRH. Expected to be ~40% RH. 

• An important factor in establishing a test matrix and associated timeline is the number of 
specimens that can be tested. It is assumed that the NRC will build test systems with a 6-
specimen capacity like what was constructed for the DOE-NE program. Multi-specimen test 
systems allow a greater number of specimens and/or material and environments to be 
examined in a given amount of time. Some examples of how a multi-specimen test system 
can be used are outlined here. 

– Two duplicate specimens are often sufficient to establish behavior for a given heat 
and/or thermomechanical starting condition. 

– 6-specimen tests can allow a single test system to simultaneously evaluate: 

○ Heat-to-heat comparisons, e.g., testing 2 specimens each of 3 heats, or testing 3 
specimens each of 2 heats. 

○ Sensitized versus non-sensitized microstructure, e.g., 2 specimen each of a non-
sensitized condition and 2 sensitized conditions. 

○ CW versus no CW, e.g., 2 specimens each of three CW conditions, or 3 specimens 
each of 2 CW conditions. 

  



PNNL-32455 

Original Test Plan 34 
 

Table 4. Detailed target brine solution test matrix in tabular form. A total of 25–35 system-
months to complete and 30 specimens tested. 

Test Purpose Speci-
men 
Type 

Material Temp. 
(C) 

Environ-
ment* 

Notes Target 
Length 

(months) 

W1a† Evaluate K 
dependence 

CT 2x of 3 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

On-the-fly stress 
intensity changes: 5, 8, 
11, 14, 17, 20, 
25 MPa√m 

3-4 

W1b " CT 2x of 3 heats 
of 304L, 10% 
CW 

40 Near Sat. 
MgCl2  

 3-4 

W2a Refine DCPD 
calibration 

CT 2x of 2 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

 2-3 

W2b " Notched 
4PB 

2x of 2 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

 2-3 

W2c " CT 2x of 2 heats 
of 304L, 10% 
CW 

40 0.6M NaCl  2-3 

W2d " Notched 
4PB 

2x of 2 heats 
of 304L, 10% 
CW 

40 0.6M NaCl  2-3 

W2e " Flat 4PB 2x of 2 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

Flat 4PB has a smooth 
surface with a shallow 
precrack 

2-3 

W3 Evaluate 
temperature 
dependence  

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

30, 40, 
60 

Near Sat. 
NaCl 

 3-4 

W4 Evaluate K 
dependence 
of flat 4PB 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

On-the-fly stress 
intensity changes: 5, 8, 
11, 14, 17, 20, 
25 MPa√m 

3-4 

W5 Evaluate 
inhibitor 
effects 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 Near Sat. 
NaCl 

 3-4 

* All brine tests solutions will be continuously air saturated.  Target stress intensity will be 
25 MPa√m unless stated otherwise. 

† W = water test. 
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Table 5. Detailed target humid air test matrix in tabular form. A total of 33 to 50 system-months 
and 60 specimens tested. 

Test Purpose Speci-
men 
Type 

Material Temp. 
(C) 

Environment* Notes Target 
Length 

(months) 

A1† Evaluate 
temperature 
dependence  

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

30, 40, 
60 

NaCl  4-8 

A2a Evaluate salt 
composition 
dependence 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 NaCl, 1:2 ratio 
of inhibitor to 
Cl by weight 

 3-4 

A2b " Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 NaCl, ratio of 
inhibitor to Cl 
by weight is 
either higher 
or lower than 
1:2 

 3-4 

A2c " Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 MgCl2, 1:2 
ratio of 
inhibitor to Cl 
by weight 

 3-4 

A3 Evaluate 
transition 
from 
deliquescenc
e to non-
deliquescenc
e 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 NaCl Start above DRH, 
establish steady 
growth, drop below 
DRH, possibly down 
to crystallization 
relative humidity 
(CRH) 

3-4 

A4 Evaluate 
effect of 
sensitization 

Flat 4PB 2x of 3 heats 
of 304L, 
sensitized, 
then 10% CW 

40 NaCl May assess 
temperature 
dependence, K 
dependence, 
DRH->CRH 

3-5 

A5a Evaluate CW 
effects 

Flat 4PB 2x of 3 heats 
of 304L, 0% 
CW 

40 NaCl May assess 
temperature 
dependence, K 
dependence, 
DRH->CRH 

3-5 

A5b " Flat 4PB 2x of 3 heats 
of 304L, 20% 
CW 

40 NaCl " 5-7 

A6 Evaluate K 
dependence 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40 NaCl On-the-fly stress 
intensity changes: 5, 
8, 11, 14, 17, 20, 
25 MPa√m 

3-5 

 Evaluate 
realistic 
diurnal/RH 
cycles 

Flat 4PB 2x of 3 heats 
of 304L, 10% 
CW 

40  Environment 
characteristic of 
highly ranked ISFSI 
site 

3-5 

* Target stress intensity will be 25 MPa√m unless stated otherwise. 
† A = humid air test. 
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6.0 Test Plan Revisions 

6.1 Overview 

As described in Section 5.2, the original test matrix was arranged to divide the testing into two 
basic categories of brine testing and deliquescent humid air testing. The purpose of the brine 
testing is to establish test system capability, show correspondence between CT specimen crack 
growth and 4PB crack growth, and determine the dependence of CISCC growth on key 
variables such as stress intensity, salt composition, salt concentration, material, and material 
conditions. Deliquescent humid air testing provides data in the most realistic environment. 

The DOE-NE project at PNNL has run some tests that align with the brines solution test matrix 
that has been proposed to the NRC. The CISCC response observed in some of these tests was 
somewhat different than the expectations that were assumed when planning the NRC test 
matrix, and therefore, these DOE-NE test results suggest that some modifications to the 
proposed NRC test matrix are needed to effectively evaluate the response of 304 and 316 
stainless steels. 

6.2 Factors Affecting the Test Plan Timeline 

The lengths of time for Phases 1 and 2 were partially based on two assumptions. One is that 
there would be rapid SCC that would be quickly and easily measured. Another assumption is 
that specimens of multiple heats and materials could exhibit roughly the same crack growth 
response, and therefore readily be tested together in one test system. A need for similar crack 
growth rate behavior among specimens in a test system arises from the desire for the K value of 
each specimen in a test system to remain reasonably close to the target value. K is a function of 
applied load and crack length, so in a multi-specimen test, K can only be actively controlled to 
one specimen. Other specimens that have similar crack growth rates to the controlling specimen 
will maintain a K value similar to the controlling specimen. If the crack lengths of the non-
controlling specimens greatly diverge from the controlling specimen, then K diverges from the 
target K for the non-controlling specimens. If a non-controlling specimen cracks more slowly, 
then K decreases in that specimen, and if a non-controlling specimen cracks faster, then K 
increases in that specimen. This is a positive feedback loop, whereby the increasing or 
decreasing K causes faster or slower crack growth, respectively. 

These assumptions about specimen behavior have turned out to be at least partially incorrect. 
While rapid stress corrosion crack growth has been observed, some anomalous specimen 
behavior has occurred in nearly all the tests, and this required extended transitioning steps to 
reach SCC test conditions. Crack growth rate differences among the different materials have 
been significantly greater than expected. CISCCGRs between 304L and 316L appear to be 
vastly different, in particular, the 316L SS has been very resistant to CISCC growth in the as-
received condition and is only mildly susceptible to CISCC growth in a 10% CW condition. 
Therefore, it has to be tested separately from the 304L SS specimens. Among the three heats 
of 304L SS being tested, there is also variability in specimen response. In particular, PNNL 
Heat 1 appears to be more resistant to CISCC growth than PNNL Heat 2 and heat N85426. 
These specimen behaviors all act to increase the amount of time needed to accomplish specific 
objectives in the NRC test plan. 
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6.3 Observations from Completed Tests and Resulting 
Recommended Actions 

Several important observations can be made from the tests that have been completed. These 
observations are driving changes in the test matrix. 

6.3.1 Effect of CW on CISCC Growth 

Early testing indicates that 10% CW has little effect on CISCCGRs. This agrees with the small 
amount of available literature assessing the effect of CW on CISCCGRs. However, this same 
literature data suggest that CW does have a significant effect on the Kth for CISCC growth, 
which has yet to be evaluated by PNNL. The NRC test matrix should be modified to perform 
only the amount of testing needed to confirm that CISCC growth above Kth is relatively 
independent of K. This could result in a reduction in the size of this part of the proposed test 
matrix. At the same time, the matrix needs to be expanded to better quantify the effect of CW on 
Kth. 

It is also important to make sure that the effect of representative levels of CW are assessed. 
Some types of CW introduced by container fabrication processes such as grinding or impact 
forming can produce >30% CW, albeit in a shallow surface layer. If CW has caused a 
substantial reduction in Kth, then a highly deformed shallow surface CW layer could assist in the 
onset of cracking. Thus, PNNL believes that it is important to continue to assess the effect of 
CW on CISCCGR and Kth, using not only 10% CW material but also a highly CW condition such 
as 30% CW. 

6.3.2 Effect of Sensitization on CISCC Growth 

PNNL has been testing a heat of 304 SS in a sensitized condition. This sensitized 304 SS 
exhibited steady, moderate CISCC growth down to a very low stress intensity of 1.5 MPa√m. 
The available literature indicate that sensitizing 304 SS substantially reduced Kth, which is 
significant because a low Kth makes it much easier for a crack to begin growing rapidly. Storage 
containers made from 304 SS will have sensitized HAZ regions, so further effort should be put 
into evaluating the effect of sensitization on Kth because a low Kth may play a key role in the 
onset of CISCC growth. 

304L and 316L are both generally regarded as being very resistant to sensitization, but other 
microstructural changes besides Cr segregation will occur in a 304L weld HAZ, so CISCCGR 
tests on sensitized 304L should be conducted to observe whether there is an effect on Kth. 

6.3.3 Effects of Inhibitors on CISCC Growth 

Early tests in brine solutions indicate that sodium nitrate is an effective inhibitor to CISCC 
growth. In every sodium nitrate evaluation test conducted, sodium nitrate has stopped CISCC 
growth for sodium nitrate to sodium chloride ratios that are no greater than the lowest value that 
has been found on dust samples of ISFSI containers. A focused effort on sodium nitrate effects 
should be continued. 

In particular, it will be important to evaluate the effect of sodium nitrate on CISCC growth 
behavior in humid air environments, because although sodium nitrate appears to be acting as 
an effective in inhibitor to CISCC growth in water solutions, in humid air conditions, mixtures of 
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sodium nitrate with sodium chloride will result in a DRH that is below the DRH of both sodium 
nitrate and sodium chloride. This mixture effect is called the mutual deliquescence relative 
humidity (MDRH). The minimum MDRH of a mixture of these two salts is not substantially lower 
than the DRH of sodium chloride, but any reduction in the DRH could allow CISCC growth to 
begin much sooner. Therefore, the value of sodium nitrate in humid air environments needs full 
evaluation. 

Another area needing evaluation is an assessment of the effect of sodium nitrate on CISCC 
behavior in magnesium chloride solutions and in humid air environments. This has not yet been 
studied due to the initial focus on sodium chloride salt solutions. 

6.3.4 Susceptibility of 316L SS 

While only a few tests have been conducted on 316L SS, these early results suggest that it is 
far more resistant to CISCC than 304/304L SS. While the response of 316L is of interest, it is 
suggested that since it has to be tested separately from 304L SS due to the lower CISCCGR of 
316L SS, tests on this material be moved to a low priority after performing a few more scoping 
tests to verify that its CISCC growth susceptibility is much lower than 304/304L SS. 

6.4 Other Considerations 

ISFSI sites can be broken into two categories - inland sites and seaside sites. Key differences 
between these locations are that canisters at seaside sites could have or eventually have 
magnesium chloride deposits. West Coast seaside locations may also have less sodium nitrate 
due to a steady onshore breeze that will have fewer atmospheric pollutants than East Coast 
locations. One approach to further CISCC testing could be to break out testing into two 
environments - one with magnesium chloride and one without. While seaside ISFSI sites are 
expected to have the highest propensity for CISCC, the chances for CISCC remain low until the 
containers cool sufficiently to allow deliquescence. This is still many years into the future, thus 
providing time to sufficiently evaluate CISCC susceptibility in seaside and inland environments. 
Since the majority of ISFSI sites are at inland locations where magnesium chloride is low in 
concentration and sodium nitrate is present in higher concentrations, the chances for inhibition 
of CISCC at inland sites is high. Thus, a potential near-term focus for research could be to 
conduct CISCC tests that help prove that the likelihood of CISCC at inland sites is very low. 

6.5 Suggested Testing Focus 

All elements of the original test plan should still be evaluated; however, changes in emphasis 
described in Sections 6.3 and 6.4 are necessary. It is suggested that PNNL focus its efforts on 
evaluating CISCC growth in environmental conditions representative of inland locations to 
inform on inspection needs for the vast majority of the dry storage container fleet where CISCC 
is thought to be less likely to occur. Thus, PNNL should first evaluate CISCC using NaCl as the 
primary chloride salt. 

Sufficient effort would be made on evaluating CISCC growth rates above Kth using reported 
literature trends as a guide while new emphasis would be put on evaluating the effects of 
material and environmental variables on Kth. At the same time, CISCC testing will further 
evaluate the effect of sodium nitrate as an inhibitor to CISCC growth. 

The aim of the next series of tests for the NRC test matrix should be to narrow the test matrix to 
focus on the most susceptible conditions and then use that to condition to assess possible 
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inhibitors to CISCC growth. The initial data collected on 316L SS indicate that it is much more 
resistant to CISCC growth than 304/304L SS, and if additional tests confirm its resistance, it can 
be pushed back for potential later investigation. Similarly, the effect of CW and sensitization on 
CISCC growth behavior should be evaluated with the aim of selecting the most susceptible 
conditions for detailed inhibitor effects evaluation. In particular, the effect of sensitization on 
CISCC growth of L-grade and non-L-grade 304 and 316 SS needs to be better understood to 
determine whether it is an important factor for those materials. Once these sensitivities are 
established, the effects of potential inhibitors (e.g., sodium nitrate) would be evaluated on the 
most susceptible conditions. 

In FY22, proof testing of the 4PB geometry for CISCC evaluation will begin under the DOE-NE 
CISCC task at PNNL. These tests will be conducted in an NaCl brine solution to match already-
completed tests using CT specimens. In FY22, tests in deliquescent humid air conditions with 
sodium chloride will also begin with initial efforts focused on comparing response to CISCCGRs 
in NaCl brine solutions for materials, material conditions, and environmental conditions found to 
produce high susceptibility in brine solutions. These tests will further inform the NRC testing 
needs. 
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7.0 Summary 

DCSSs are used to store SNF and are placed outside at ISFSIs across the United States, 
including in regions where chloride salts are dispersed in the air. These storage systems consist 
of a sealed 304/316 SS container placed inside of a ventilated concrete cask that provides 
radiation shielding. Based on experiences with industries that operate in a variety of 
atmospheric environments where chloride salts deposit on the surface of stainless steel 
structures, there is a potential for CISCC to occur on the exterior surfaces of the 304/316 SS 
containers. Decay heat from the fuel in the containers causes the surface temperature of the 
containers to be elevated above the outside ambient temperature, creating a condition that is 
not conducive to CISCC. As the amount of decay heat drops over time and the container 
surface approaches ambient outside temperature, conditions that are more conducive to CISCC 
are created. Early NRC-funded work covering a variety of salt-air environments confirmed the 
susceptibility of 304/316 SS to CISCC using U-bend specimens under some aggressive chloride 
salt conditions. It is unclear at this time whether those conditions will ever overlap with actual 
DCSS stainless steel container environments. Therefore, as part of continued efforts to evaluate 
CISCC susceptibility, the NRC has funded PNNL to generate a test plan document that aims to 
further assess stainless steel CISCC susceptibility using more quantitative test techniques. 

Recent tests conducted under a DOE-NE funded CISCCGR measurement task at PNNL have 
provided data on CISCC growth in sodium chloride-based brine solutions that is generally in 
agreement with the small amount of literature data for tests in similar environments. Key 
observations include the following: 

• Testing at PNNL indicates that 316L exhibits substantially lower CISCCGRs than 304L. A 
similar trend is also evident in the literature, and the literature also indicates that Kth is higher 
for 316/316L SS than for 304/304L SS. 

• Low amounts of CW have little effect on the CISCC growth rate. However, literature data 
indicate that CW greatly reduces Kth, which is an important factor in the onset of CISCC. 

• A test conducted at PNNL revealed that a sensitized heat of 304 SS (which is a rough 
simulation of a 304 SS HAZ) exhibited CISCCGRs in NaCl that were slightly below that 
observed for 304L SS being tested at PNNL, but Kth for the sensitized 304 SS was below 1.5 
MPa√m, which is very low. The literature indicates the same or higher CISCCGRs for 
sensitized 304/316 SS compared to non-sensitized material while also reporting a lower Kth 
for the sensitized condition. CISCC growth behavior of 304L/316L SS after application of a 
sensitization treatment has not yet been performed at PNNL, nor is there any data in the 
literature. The lack of literature data is likely due to the assumption that low carbon grades 
are resistant to sensitization. 

• Preliminary tests conducted at PNNL indicate that sodium nitrate is an effective inhibitor to 
CISCC growth of 304L SS in sodium chloride solutions. 

Based on the DOE-NE data in combination with the available literature data, a revision to the 
NRC-recommended test plan was provided in this report. This revision recommends increased 
focus on finding the most susceptible combination of material and environmental conditions 
relevant to inland locations, and then evaluating the effects of potential CISCC inhibitors (e.g., 
sodium nitrate). This approach will help produce data needed to support inspection 
requirements for inland-located DCSSs, which comprise the vast majority of the United States’ 
fleet. One potential concern for this approach is that seaside locations may have the most 
severe environments. Based on current storage container temperatures and dust samples 
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collected from containers at seaside locations, there is no indication of potential cracking for at 
least the next several years. This leaves sufficient time to provide data relevant to the inland 
containers that make up the majority of the fleet and then evaluate CISCC growth response in 
simulated seaside environments. The originally recommended test plan was expected to require 
4–6 years to complete - there is no change to that prediction. 
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