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Abdulsalam I. Shakhatreh 

Abstract 

Chloride-induced stress corrosion cracking (CISCC) has been identified as the main 

degradation mechanism for spent nuclear fuel dry storage canisters. This type of induced 

cracking is complex and depends on several factors, such as material composition, 

exposure temperature, relative humidity, applied tensile stress, and atmospheric salt 

concentration. An accelerated experiment was designed to simulate marine environments 

in a controlled fogging chamber to examine 304 and 304L stainless steel U-bend and 

welded U-bend samples. The samples were exposed to chloride rich and humid fogging in 

a corrosion chamber at 35  continuously for 4 weeks, 8 weeks, and 12 weeks. The same 

experiment was repeated at 50  for 4 weeks, 8 weeks, and 14 weeks to study the 

sensitivity of CISCC to temperature changes. A qualitative evaluation of optical 

micrographs from a 3D Surface Profiler was performed for 16 corroded samples and 

compared with 2 reference samples. Cracking was observed on 12 out of 16 samples 

exposed to 35  and 50  for durations ranging from 8 to 14 weeks. Likely cracking 

observations were noted on 4 out of 16 samples. A quantitative statistical analysis was also 

performed using surface profile depth (valley) data from corroded and reference samples. 

The quantitative analysis examined the effect of temperature, welding, exposure duration, 

and material composition. The quantitative results were compared with the qualitative 

results and literature published in CISCC.
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General Audience Abstract 

Most nuclear power plants are currently using dry storage canisters (DSCs) which are made 

of a concrete vault and a stainless steel canister that houses the spent nuclear fuel (SNF) 

assemblies. Multiple conditions must be present simultaneously for chloride-induced stress 

corrosion cracking (CISCC) to develop, such as the presence of a susceptible alloy, high 

relative humidity, high temperature, high atmospheric salt concentrations, and applied 

tensile stresses. DSCs are typically made from 300-series austenitic stainless steels which 

are susceptible to this type of corrosion during long-term storage near marine 

environments. Therefore, understanding of the factors leading to CISCC is critically 

important for proper management and mitigation and to estimate the service life of DSCs 

for the safe long-term storage of SNF. An accelerated experiment was designed to examine 

the effects of temperature, exposure duration, and welding on pitting and cracking for 304 

and 304L U-bend samples. The experimental results concluded that stainless-steel grades 

304 and 304L are susceptible to CISCC when exposed for 8 weeks or longer to fogging at 

temperatures between 35  and 50 , 95% relative humidity, and 5% salt concentration. 

This study also concluded that increasing exposure duration from 8 to 12 weeks or the 

temperature from 35  to 50  had no significant effect on the acceleration of CISCC. 

Also, unwelded samples were deemed more susceptible to CISCC than welded samples 

and the susceptibility of 304 and 304L grades were relatively similar.  
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1. Chapter 1: Introduction  

 

1.1 Background 

Harsh environmental conditions surrounding spent nuclear fuel (SNF) dry storage canisters 

(DSCs) or often referred to as independent spent fuel storage installations (ISFSIs) can be 

detrimental to the canister over time. The utilization of DSCs has increased in the United States 

and around the world in recent years as data shows in the Congressional Research Services (CRS) 

report for congress [1], many of them are stored near corrosive marine environments. Harsh 

corrosive conditions are characterized with high atmospheric salt concentrations, high 

temperatures, and high relative humidity (RH). Moreover, these stainless steel canisters exhibit 

residual stresses from fabrication, and some are welded resulting in material sensitization around 

the weld area known as heat affected zone (HAZ) which reduces the canisterôs resistance to 

corrosion attacks [2]. Certain types of corrosion attacks can lead to cracking through the steel such 

as, stress corrosion cracking (SCC) or more specifically chloride-induced stress corrosion cracking 

(CISCC) resulting from harsh environments with high chloride contents (e.g., sites near sea water). 

CISCC is a complex phenomenon and only occurs when certain conditions are present 

simultaneously for extended durations.  

Due to the complexity of CISCC, experimental data is desired to better understand the 

phenomenon itself and to find thresholds for the environmental conditions that lead to pitting 

corrosion and crack initiation [3]. Furthermore, data on crack propagation through stainless steel 

is needed to estimate the lifetime of DSCs [4]. This research investigates CISCC in a controlled 

corrosive environment to characterize pitting and cracking of U-bend and welded U-bend samples 
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made from 304 and 304L austenitic stainless steel at different temperatures.  

Furthermore, there are no clear guidelines or specific regulatory guides on the service life of DSCs. 

The U.S. Nuclear Regulatory Commission (NRC) has entertained the idea of SNF dry storage for 

up to three-hundred years [1], but concerns regarding long-term storage have been raised by 

leading research institutions. One example is the research conducted by the Electric Power 

Research Institute (EPRI) which concluded that CISCC is the most credible threat to DSCs in a 

Canister Breach Consequence Analysis Study [5]. Currently, DSCs are licensed for 20 years only 

with the option to renew, some license holders have already extended their dry storage license for 

another 20 years (e.g., Surrey Nuclear Plant in VA) [6]. 

This thesis provides the results of two accelerated CISCC experimental campaigns to enhance 

understanding of the factors leading to CISCC in 304 and 304L U-bend stainless steel samples 

with applied tensile stress. Experimental results can provide the NRC and commercial nuclear 

power plants (NPPs) with means to estimate the risk of confinement breach due to CISCC for early 

intervention to alleviate its effects and prevent premature cracking.  

1.2 Spent Nuclear Fuel Storage 

Commercial NPPs originally planned to reprocess SNF and re-use it as fresh fuel while by-

products such as Plutonium (Pu-239) are repurposed for military applications. In the late 1970s, 

the U.S. President Jimmy Carter imposed a ban on SNF reprocessing citing proliferation and 

national security concerns. As a result of this ban, NPPs had no means of storing SNF outside the 

reactor pools. Reactor pools were originally designed to house SNF assemblies for up to five years 

to cool them down to a lower activity level suitable for dry storage (e.g., deep geological 

repository) [7]. Moreover, the U.S. Department of Energy (DOE) has committed to establish a 
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deep geological repository to transfer and consolidate SNF assemblies from operational NPPs after 

the five-year cooling period [8]. This commitment came as a result of the reprocessing ban, but it 

has not come to fruition as previous efforts have failed such as the Yucca Mountain Project that 

was terminated in 2009 by the former president Barack Obama [1] [7].  

Due to the lack of action on deep geological repositories for the past several decades, DSC systems 

have been gaining momentum and popularity and their licenses are being extended from few years 

to decades according to the International Atomic Energy Agency (IAEA) [9]. Furthermore, IAEA 

stated that any storage beyond a fifty year term is considered ñLong-Termò and now there is not 

enough data on the integrity of these systems for long-term storage. Investigating the long-term 

feasibility of DSCs is a necessity now since no plans for a government-sponsored deep geological 

repository in foresight. Based on the current inventory and rate of generation of SNF, the need for 

a robust DSC system and a credible regulatory framework will only intensify in the future. Table 

1 shows facts regarding SNF in the U.S. from the CRS report [1]. Figure 1 shows the locations and 

estimated number of ISFSIs in the U.S. as of October 2021 [10]. 

 

Table 1. SNF In Brief  from the CRS Report for Congress [1] 

SNF In Brief  

Commercial SNF is composed of metal assemblies about 12ô-15ô long 

SNF contains uranium and elements created in nuclear reaction. 

SNF assemblies are removed from reactors after being used to produce power. 

Existing reactors generate about 2,000 metric tons per year. 

More than 67,000 metric tons of commercial SNF is currently being stored. 

Most SNF is stored at 77 sites in 35 states 

Some SNF is stored at closed reactors. 

Some SNF is stored at DOE facilities. 

Only 4% of the SNF in the United States is DOE owned. 
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SNF In Brief  

SNF is stored in wet pools and dry casks. 

SNF storage at reactors was intended to be temporary, pending disposal. 

No nation operates a disposal site for SNF. 

Proposed U.S. disposal site for SNF at Yucca Mountain in Nevada was terminated in 2009. 

SNF storage is expected to be needed for more than 100 years. 

 

 

Figure 1. Locations of ISFSIs in the United States as of October 2021 [10] 

 

1.3 Dry Storage Cask Systems 

The current fuel cycle in the United States is depicted in Figure 2, this cycle may look different 

for other countries such as France and Japan where recycling of SNF is permitted [11]. In the U.S., 

a fresh nuclear fuel bundle, which is shown on the far left of Figure 2, is typically used in the 

reactorôs core for 24-36 months before itôs taken out and labeled SNF. Newly removed SNF 

assemblies are highly radioactive due to the accumulation of fission products from the U-235 
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fission process during the reactorôs operation. Therefore, SNF must be stored in a pool next to the 

reactorôs core for a minimum of five years until they reach a lower activity level suitable for DSCs 

that are shown on the far right of Figure 2. 

 

 

Figure 2. Nuclear Fuel Cycle in the United States 

 

There are two dry storage cask designs that are currently licensed by the NRC, vertical and 

horizontal systems shown in Figure 3 and Figure 4, respectively. The two designs are similar in 

their capability of decay heat removal from the SNF by natural convection, but the onsite footprint, 

construction method, construction material, and their efficiency of heat removal are different.  

A typical dry storage cask unit consists of a concrete vault surrounded by an outer metal lining. 

Inside the concrete vault (shell) is the stainless steel canister that houses the SNF assemblies. The 

primary construction material of the internal canister is 300-series stainless steel and most 
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commonly austenitic stainless steel 304, 304L, 316, and 316L grades with bolted or welded 

canisterôs lid [2]. DSC systems are stored independently outdoors within the nuclear plantôs 

vicinity on a designated concrete pad to allow for natural convection. Vertical DSCs can be stored 

as independent units, such as the Hi-STORM dry cask shown in Figure 3 which is made by Holtec 

International [12]. Horizontal DSCs are stored in groups as shown in Figure 4 with a natural 

convection cycle through the concrete structure to remove decay heat, such as the NUHOMS dry 

cask made by Orano [13]. 

 

 

Figure 3. Vertical SNF Dry Storage System (HI -STORM) [12] 
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Figure 4. Horizontal SNF Dry Storage System (NUHOMS) [13] 

 

1.4 Chloride-induced Stress Corrosion Cracking (CISCC) 

SCC is defined as the initiation and propagation of cracks caused by a combination of 

environmental conditions that are best aligned with those conditions that exist in marine 

environments. CISCC begins with deposits of chloride salts on the materialôs surface that absorb 

moisture from the surrounding air to form a deliquescence salt film that causes pitting or crevice 

corrosion [14]. The deposition rate of sea salt particles is a function of the geographical area and 

the surrounding environmental conditions. Current research suggests that the formation of 

deliquescence salt film is highly dependent on temperature and RH [15] [16]. Additionally, 

research suggests a high probability of SCC in highly stressed areas such as bent surfaces and heat 

sensitized areas from welding or heat treatment [2]. However, research suggests that there is no 



 

8 

 

threshold for tensile stress to initiate SCC but increased tensile stress accelerates time to failure. 

Applied stresses makes the stainless steelôs protective oxide layer susceptible to damage which 

encourages pitting corrosion [17] [18]. Pitting corrosion advances into SCC when the appropriate 

conditions are present as depicted in Figure 5 [19]. 

 

 

Figure 5. Stages of Stress Corrosion Cracking [19] 

 

1.5 Material Susceptibility to CISCC 

Susceptibility to CISCC is highly dependent on the materialôs chemical composition (e.g., material 

grade) and stress state such as applied stress, residual stress, and heat sensitization. It has been 

shown that standard grades of austenitic stainless steel such as 304, 304L, 316, 316L are the most 

susceptible to CISCC [20]. Corrosion experiments have shown various levels of corrosion, pitting, 

or crack propagation for dissimilar grades of austenitic stainless steels exposed to the same 

conditions emphasizing the role of alloy composition in CISCC [16]. Residual stresses from 

fabrication processes such as bending or applied stress through bolted connections also decreases 

the materialôs resistance to CISCC attacks [2]. 
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Additionally, heat sensitization due to welding or heat treatment reduces the materialôs resistance 

to corrosion. Welding stainless steel requires heating to 400-800  resulting in a HAZ where 

carbon atoms diffuse to the edges of the grain boundaries and react with the available chromium 

forming chromium carbides (Cr23C6) as shown in Figure 6 [21]. Chromium in stainless steel is the 

primary protective element as it reacts with oxygen when exposed to the atmosphere to form a 

protective oxide layer on the materialôs surface. On the other hand, chromium depletion can be 

detrimental to the stainless steelôs ability to fight corrosive attacks by weakening the grain 

boundaries leading to intergranular stress corrosion cracking [22]. Low carbon materials such as, 

304L or 316L (L indicates a low carbon content) are recommended for welded structures to 

mitigate the effect of heat sensitization [22] [23]. DSCs are made from rolled stainless steel shells 

which are likely to have residual stresses from manufacturing and some are welded which further 

increases its susceptibility to CISCC.  

 

 

Figure 6. Chromium Carbide Precipitation from Welding [21] 
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1.6 Environmental Factors Leading to CISCC 

The presence of a susceptible alloy, heat sensitization, and tensile stresses without a corrosive 

environment is not enough to trigger concerns over CISCC. Crack initiation and propagation is 

also dependent on the environmental conditions surrounding the material. Figure 7 shows the 

conditions that must be present simultaneously for the initiation of SCC [24]. If one condition is 

eliminated or avoided, the likelihood of developing SCC will be reduced dramatically. Likewise, 

exposure duration is an essential variable to the development of SCC although not depicted in 

Figure 7. SCC is a long-term phenomenon as stated previously, its development takes place over 

extended exposure given all pre-conditions are met. 

 

 

Figure 7. Stress Corrosion Cracking Conditions Map [24] 
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A typical corrosive environment is best characterized with high concentrations of salts, high 

atmospheric temperature, and high RH. High RH coupled with high concentration of salts in the 

atmosphere enables a process known as deliquescence. Deliquescence is the process where solid 

salt deposits on material surfaces absorb humidity from the surrounding air to form a chloride rich 

liquid film that eventually dissolves the stainless steelôs chromium passive layer leading to the 

oxidization of the base metal (Fe2O3). On the other hand, high temperatures enable efflorescence 

which is the process of drying the materialôs surface leaving behind solid salt deposits as shown 

in Figure 8 [25]. Both deliquescence and efflorescence, which are competing processes, contribute 

to the materialôs degradation and lead to corrosion, pitting, and cracking after extended exposure.  

 

 

Figure 8. Salt Deliquescence, Efflorescence, and RH Relationship [25] 

 

Research suggests that there is a threshold RH at which the risk of SCC increases which is known 

as ñdeliquescence relative humidityò. The deliquescence RH threshold is a function of the salt type 

and is independent of the quantity of deposited salt [26]. 
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The schematic in Figure 9 shows a DSC (aka., ISFSI) unit located near sea water which is the 

motivation behind this research to examine its service life. NPPs located near marine environments 

and considering DSCs for long-term storage must be mindful of the CISCC risk within their aging 

management strategy. Experimental data on pitting and cracking can be useful to the NRC in 

licensing commercial DSCs for long-term storage beyond the initial 20-year term. 

 

 

Figure 9. Schematic of ISFSI in a Corrosive Environment [24] 

 

1.7 Thesis Structure 

Chapter 2 provides literature review and a summary of the relevant previous work in SCC with 

emphasis on accelerated CISCC experiments in a controlled fogging chamber. Chapter 3 provides 

a detailed overview of the experimental design, procedures, data collection, and the quality 

assurance (QA) procedures implemented to control the experimentôs parameters and quality of 

results. Chapter 4 includes the sample characterization procedures, results, and analysis of results 

of the two experimental campaigns in terms of susceptibility to CISCC. Finally, Chapter 5 provides 

conclusions and recommendations for future research in accelerated CISCC.  
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2. Chapter 2: Literature Review 

 

Extensive research has been done in the field of SCC and CISCC in austenitic stainless steel using 

natural exposure and accelerated experiments to understand the phenomenon itself and the factors 

leading to SCC. Many researchers examined SCC for a wide range of applications such as the 

storage of SNF near coastal areas and to find alternative materials for reactor components that are 

susceptible to SCC. The mechanisms of pitting, cracking, and crack propagation are not well 

understood and the data available in this area are limited due to the complexity of the phenomenon 

and the variety of factors involved [3]. Moreover, SCC experiments are sensitive to the method 

and approach which adds another layer of complexity, for instance changing the geometry of the 

experimental setup or the salt composition could lead to unique results. Furthermore, Sandia 

National Laboratory (SNL) published a report summarizing data available on SCC from multiple 

experimental work and concluded that ñAvailable SCC crack growth rate data from corrosion 

testing under atmospheric conditions is highly scattered, in part due to wide variety of testing 

methods used to collect the data. Other contributing factors are study-to-study variations in 

potentially important parameters such as salt load and RHò [3]. 

Although knowledge in SCC is relevant to a diverse range of applications, this Chapter is focused 

on CISCC experiments relative to the storage of SNF in DSC systems. Several prominent research 

organizations and institutions around the world are actively pursuing academic and industrial 

research in CISCC such as the NRC, EPRI, DOE, and Southwest Research Institute (SWRI). EPRI 

performed a consequence analysis scoping study to examine the confinement breach of welded 

stainless steel DSCs due to CISCC and stated that ñChloride induced stress corrosion cracking 
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leading to canister confinement breach is identified as the most credible aging management 

degradation mechanism to impact the canister confinement functionò [5]. 

Most of the existing research on CISCC for nuclear applications is focused on stainless steel grades 

304, 304L, 316, and 316L as these grades are known to be susceptible to cracking under corrosive 

conditions and widely used in the nuclear industry [16]. Papers discussed in this Chapter examined 

the effect of heat sensitization from welding or heat treatment, RH, temperature, and salt 

concentration from accelerated SCC experiments. The following sections provide a summary of 

the state of knowledge in this area with emphasis on the approach utilized in each paper. Table 2 

summarizes the relevant papers that will be discussed in this Chapter with high-level details on 

each paper.  

 

Table 2. Papers Summary on Accelerated Stress Corrosion Cracking  

Author  (year) Organization Experiment Type Sample Type/ 

Materials 

Experiment 

Conditions 

L. Caseres and 

T.S. Mintz  

(2010) 

NRC/ SWRI Accelerated Fogging 

Chamber/Spray Test 

U-bend and Welded 

U-bend 

304, 304L, 316L  

Temp.: 25 - 176  

RH: up to 70% 

Salt Conc.: 5% by 

weight NaCl 

Akio Kosaki 

(2007) 

Central Research 

Institute of Electric 

Power Industry 

Accelerated Fogging 

Chamber/Natural 

Exposure 

4 point bent & 3 point 

bend 

304, 304L, 316LNG 

Temp.: Ambient/60  

RH: 95% (at 60 ) 

Salt Conc.: Saturated 

NaCl 

Zakaria et al.  

(2020) 

Centre for Corrosion 

Research, Universiti 

Teknologi  

PETRONAS 

Immersion test U-bend, 304L Temp.: 28 /70 /90 

Salt Conc.: 0.1 wt.%, 1 

wt.%, 3.5 wt.% NaCl 

Mintz et al.  

(2013) 

SWRI/NRC Cyclic humidity test 

(fog chamber)/Static 

test conditions 

(constant humidity) 

U-bend and Welded 

U-bend 

304 as well as 

sensitized samples 

Temp.: 

35°C/45°C/52°C/ 60°C. 

RH: variable per test 

Salt Conc.: 0.1, 1, 10 

g/m2 
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Author  (year) Organization Experiment Type Sample Type/ 

Materials 

Experiment 

Conditions 

Cook et al.  

(2011) 

University of 

Manchester, UK, 

University of Oxford, 

UK, CSIRO, 

Melbourne 

Accelerated 

Experiment/Natural 

Exposure 

U-bend, 304L & 

316L 

Temp.: 80 

RH: 30% 

Salt Conc.: varies 

(multiple salts and 

concentrations) 

Kim et al. (2021) Korea Institute of 

Materials Science 

Accelerated Fogging 

Chamber/Spray Test 

Welded U-bend 

304L & 316L 

Temp.: 60 /50 

RH: 30% & 20% 

Salt Conc.: 3.5 wt.% 

 

2.1 Review of Previous CISCC Accelerated Experiments 

The NRC in collaboration with the SWRI performed an accelerated CISCC experiment [16] 

following a modified version of GM 9540P accelerated test procedure. The NRC used a standard 

fogging chamber to evaluate U-bend and welded U-bend samples made of 304, 304L, and 316L 

austenitic stainless steel at temperatures ranging from 25  - 176  and varying RH. The corrosion 

chamber used by the NRC (Auto Technology model number CCT-NC-40) has a cyclic capability 

to maintain a salt layer on the samples. The cyclic feature works by fogging salt for a 

predetermined duration and then dispersion stops for drying leaving behind salt deposits on the 

sampleôs surface. RH was a function of the exposure zone temperature, wet and dry cycles 

alternated RH from high to low and vice versa but it did not exceed 75% in any of the experiments. 

The NRC used an optical microscope to examine corroded samples; cracks were observed under 

50X magnification with widths ranging from 3 to 5 µm as shown in Figure 10 for the 304 sample 

exposed to 43°C for 16 weeks.  
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Figure 10. CISCC Observed on 304 Sample Exposed to 43°C for 16 Weeks [16] 

 

The NRC conclusions did not agree with previous published literature [27] relative to the effect of 

temperature on SCC. The NRC observed cracks at exposure temperature below 43 for all sample 

types and exposure durations (4 - 32 weeks). The NRC findings indicate that CISCC does not 

accelerate at higher temperatures as evident by the plot shown in Figure 11 for 304 samples. 

Moreover, welded U-bends did not crack between 4 and 16 weeks of exposure at 43  while at 

least one unwelded U-bend cracked during this time undermining the effect of sensitization due to 

welding. 

 

 

Figure 11. Exposure Time vs. Temperature for 304 Samples [16] 
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Worth noting the U-bend samples used in the NRC experiment were prepared in accordance with 

the American Society for Testing and Materials (ASTM) G30 standard (Standard Practice for 

Making and Using U-Bend SC Test Specimens) [28]. Welded U-bend samples were prepared in 

accordance with ASTM G58 standard (Standard Practice for Preparation of SC Test Specimens 

for Weldments) [29].  

Kosaki [4] performed two experiments to estimate SCC initiation time and crack growth rate under 

both natural and accelerated exposure conditions. The SCC initiation experiment was performed 

using the 4-bend point samples without cracks, the crack growth experiment utilized 3-bend point 

samples with a pre-existing crack. The Kosaki experiment utilized base metal and welded samples 

made from 304, 304L, 316LNG (NG is a nuclear grade designation), refer to Figure 12 for the 

sampleôs configurations. 

 

 

Figure 12. Kosaki Samples, 4-point Bend (Left) and 3-point Bend (Right) [4] 

 

Natural exposure experiments were done at Miyakojima Island (most corrosive location in Japan); 

and the accelerated experiment was completed in a controlled chamber filled with saturated NaCL 

mists at 60 for 5 years. For the natural exposure experiment at ambient conditions, initiation of 
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SCC was only observed on the 304 weld samples after 2.5 years of the test. Under accelerated 

conditions, SCC was observed within 30 days on all sample types (304, 304L, 316LNG). However, 

the findings of the accelerated experiment cannot be attributed to a single parameter since 

temperature, RH, salt deposition rate or salt concentration were all increased simultaneously and 

not independently. Results from the crack growth experiments showed higher crack growth rates 

in specimens subjected to accelerated conditions over those placed in open air.  

Zakaria et al. [27] performed an accelerated experiment using 304L U-bend samples prepared in 

accordance with the ASTM G30 standard [28]. The experiment method was long-term immersion 

of as-received and heat sensitized samples (600  for 2 hours). This experiment utilized NaCl salt 

solutions with 0.1 wt.%, 1 wt.%, and 3.5 wt.% concentrations and 28, 70 , and 90 exposure 

temperatures. The samples were immersed for 42 days to examine the effect of heat sensitization, 

temperature, and salt concentration on the acceleration of CISCC. 

  

 

Figure 13. U-bend Samples from Zakariaôs Immersion Experiment [27] 

 

None of the as-received and heat sensitized samples exposed to 28 showed any signs of cracking 

after the 42 days had elapsed (this was the case for all salt concentrations). At 70 , general 
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corrosion was observed on the as-received samples placed in the 0.1 wt.% and 1 wt.% containers, 

pitting started after 21 days on the samples placed in the 3.5 wt.% container and cracking after 42 

days. On the sensitized samples at 70 , pitting and cracking were noted on all samples at all salt 

concentrations. On the samples exposed to 70 and 3.5 wt.% salt concentration, cracking was 

initiated in 28 days rather than 42 days for the as-received samples. At 90 , the conclusions were 

similar to the conclusions from the 70  experiments, but corrosion, pitting, and cracking occurred 

faster. Time to cracking on the heat sensitized specimens was 7 ï 28 days as opposed to 14 ï 42 

days on the as-received specimens. This paper shows that increasing temperature and salt 

concentration are directly proportional to the acceleration of CISCC. However, Zakariaôs finding 

regarding the effect of temperature does not agree with the NRC conclusions [16]. Additionally, 

the experiment showed that heat sensitization increased susceptibility, corrosion rate, and crack 

propagation rate which was not evident in the NRC study [16]. This paper did not examine the 

effect of material composition and only tested 304L samples.  

Mintz et al. [30] performed two accelerated experiments using 304 base metal, welded, and heat 

sensitized U-bend samples prepared in accordance with the ASTM G30 standard [28]. The 

objective of the Mintz experiment is to examine the effects of salt concentration, temperature, and 

RH on SCC initiation on austenitic stainless steel. The salts used in this experimental work were 

sodium and magnesium chlorides which have deliquescence points at approximately 70% and 30% 

RH, respectively. Sensitized samples were heated in air at 650°C for 2 hours to simulate the 

condition of the weld HAZ. The first experiment was conducted in a corrosion chamber with cyclic 

humidity test, the samples were placed on cylindrical heaters. The temperatures used in the first 

experiment were 35, 45, 52, and 60°C and the samples were examined as early as one month. The 

second experiment was conducted in a corrosion chamber under static environmental conditions 
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(constant temperatures). In the second experiment samples were deposited with salt particles and 

placed in a corrosion chamber under constant temperatures at 45, 60 and 80°C. A stereomicroscope 

with 50x to 1000x magnification was used to examine the samples post exposure. Further 

examination of cracks was conducted once a crack is observed. 

The results from the first cyclic experiment showed high dependence between salt concentration 

and SCC. The samples exposed to 10 g/m2 deposition density were more susceptible than those 

exposed to 0.1 and 1 g/m2 deposition densities and cracked as early as one month of exposure. 

Refer to Figure 14 and Figure 15 for susceptibility maps for 10 g/m2 and 0.1 g/m2 simulated sea 

salts, respectively. Mintz observed cracks on the samples exposed to 35, 45, and 52°C but not at 

60°C. Sensitized specimens showed more cracking than as-received samples and more 

interestingly welded samples were less susceptible to cracking than heat sensitized and as-received 

samples similar to the conclusion drawn from the NRC study [16]. Cracks were observed in the 

cyclic experiment after one month and it was more severe after four months as evident in the 

susceptibility maps in Figure 14 and Figure 15. On another observation from this experiment, 

samples exposed to lower simulated sea salts showed increased susceptibility at lower 

temperatures. This experiment shows that CISCC depends on salt deposition density and 

temperature (coupled dependence), increasing temperature only did not necessarily correlate with 

increased susceptibility to SCC in agreement with the NRC conclusions [16]. 
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Figure 14. SCC Map for 10 g/m2 Simulated Sea Salt [30] 

 

 

Figure 15. SCC Map for 0.1 g/m2 Simulated Sea Salt [30] 
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The results from the second experiment at constant humidity or static environmental conditions 

were consistent with the results from the cyclic tests. At 60°C of the constant humidity test, crack 

initiation was observed at above 25% RH and no cracking or pitting were observed below this 

threshold. For the samples held at 80°C, the RH threshold was determined 35% or higher as 

illustrated in Figure 16 for both the cyclic and static tests. The experimental work performed by 

Mintz indicates that crack initiation is a function of RH, temperature, and salt deposition density 

as shown in Figure 16.  

 

 

Figure 16. SCC Map for RH vs. Temperature for Cyclic and Static Tests [30] 
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Cook et al. [31] performed two experiments, an accelerated experiment (aka., laboratory 

experiment) and field exposure experiment. Only the accelerated experiment with sea salt 

deposition is discussed from Cookôs paper. In the laboratory experiment, exposure regimes were 

developed to deploy salt deposits to Type 304L and 316L austenitic stainless steel U-bend samples 

prepared in accordance with ASTM G30 standard [28] prior to the extended exposure to the 

corrosive environment. Cookôs purpose of the laboratory experiment was to simulate natural 

aerosol deposition. Table 3 shows the results of the laboratory exposure experiments for 1000 hour 

at 80°C and 32% RH. Regime 1 corresponds to sea water, regime 2 corresponds to x10 diluted sea 

water, and regime 3 corresponds to x100 diluted sea water. Cook defined the term ñcomplete 

failureò as a crack through the materialôs thickness and crack frequency as follows,  

 

ὊὥὭὰόὶὩ ὪὶὩήόὩὲὧώ

ὔέȢέὪ ίὴὩὧὭάὩὲί Ὥὲ ὨὩὴέίὭὸὭέὲ ὶὩὫὭάὩ ὬὥὺὭὲὫ όὲὨὩὶὫέὲὩ ὧέάὴὰὩὸὩ ὪὥὭὰόὶὩ

Ὕέὸὥὰ ὔέȢέὪ ίὴὩὧὭάὩὲί Ὥὲ ὨὩὴέίὭὸὭέὲ ὶὩὫὭάὩ
 

 

Table 3. Laboratory Experimental Results (32% RH, 80°C, at 1000 hour) [31] 

Material  
Deposition 

regime 

Average nominal 

salt deposition 

density (µg/m2) 

No. of 

specimens 

exposed 

No. of 

failures 

Cracked 

but not 

failed 

Failure 

frequency 

304L 1 370 5 5 0 1 

304L 2 35 5 4 1 0.8 

304L 3 4 5 2 3 0.4 

316L 1 363 5 5 0 1 

316L 2 34 8 6 2 0.75 

316L 3 6 2 0 1 0 
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Worth noting that salt deposition densities from the Cookôs experiment (0.0004 g/m2) [31] were 

much lower than the salt deposition density from the experiment described earlier by Mintz (0.1 

g/m2) [30]. However, the results cannot be directly compared due to differences in the exposure 

durations and temperatures. The results from this experiment show strong correlation between 

cracking and salt concentration as the failure frequency was higher for regime 1 than both regimes 

2 and 3. Also, failure frequency of 316L was lower than 304L emphasizing the effect of alloy 

composition on the susceptibility to CISCC as seen from Table 3.  

Kim et al. [32] performed an accelerated experiment to evaluate welded U-bend samples made 

from 304L and 316L austenitic stainless steel at different temperatures and RHs. The objective of 

this experiment was to examine the effect of temperature and RH on welds. The samples were 

welded using automated gas tungsten arc weld (A-GTAW) method, welding temperature was 

maintained below 175 . The samples were instrumented with a direct current potential drop 

(DCPD) to monitor the initiation of CISCC signal as shown in Figure 17.  
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Figure 17. Sample Configuration for CISCC Signal Monitoring [32] 

 

CISCC tests were conducted in a salt-spray chamber where 3.5 wt.% NaCl solution was sprayed 

every 10 hours for 30 mins. Table 4 shows the test parameters and conditions from Kimôs 

experiment. 

 

Table 4. Experimental Parameters from Kimôs Paper [32] 

Parameter Experiment 1 Experiment 2 Experiment 3 

Temperature 60  50  60  

Relative Humidity 30% 30% 20% 

Salt Concentration 3.5 wt.% 3.5 wt. % 3.5 wt. % 

Duration 12 weeks 12 weeks 12 weeks 

No. Samples/Material  

2 samples removed 

every 3 weeks 304L 

& 316L 

2 samples removed 

every 3 weeks  

304L & 316L 

2 samples removed 

every 3 weeks 

304L & 316L 
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Figure 18 shows the DCPD signal for 304L and 316L samples at 60  and RH 30%. The graph 

shows a sharp increase in the signal for 304L after 800 hours of immersion indicating a crack 

initiation. This voltage increase was not observed on the 316L sample which emphasizes the 

increased resistance of 316L grades to CISCC over 304L grades. 

 

 

Figure 18. DCPD Results for 304 and 316 at 60 , RH 30% [32] 

 

Visual analysis of the sample with time elapsed is shown in Figure 19 which clearly illustrate the 

sharp increase of DCPD signal when cracking was initiated. Pitting was reported after 504 hours 

of testing, pitting advanced into cracking after the 800-hours mark as shown on the images labeled 

1512 hours and 2016 hours. The agreement of the visual analysis with the DCPD signal validates 
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the approach to detect cracking in U-bend samples. This experiment illustrates the mechanism for 

pitting development and crack propagation through stainless steel and emphasizes the effect of 

material composition to CISCC susceptibility. This paper didnôt report the results of the 50  at 

30% RH or the 60  at 20% RH experiments to evaluate the effects of RH and temperature.  

 

 

Figure 19. Pits Development and Cracks in 304L Welded Sample [32] 

 

2.2 Material Composition and Susceptibility to CISCC 

Numerous researchers studied the effect of material susceptibility and heat sensitization on CISCC. 

For instance, the NRC experimental results [16] clearly show increased susceptibility of 304 

samples over 316L samples for both welded and unwelded configurations as shown in Figure 20 
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and Figure 21 (number of cracked samples/total samples are in parenthesis). At least one 304 single 

U-bend sample cracked after 4 and 16 weeks of exposure as shown in Figure 20, while no cracking 

was observed under the same experimental conditions and temperatures on the 316L U-bend 

samples as shown in Figure 21. After 32 weeks of exposure, three welded U-bend samples cracked 

while only two 316L cracked under the same conditions. The number of cracked samples was the 

same for the two material grades at 52 weeks of exposure indicating increased susceptibility with 

increased exposure duration.  

 

 

Figure 20. NRC CISCC Susceptibility Map for 304 Stainless Steel [16] 

 

Figure 21 shows the susceptibility of welded and unwelded 316L U-bend samples. Ignore the 

double U-bend depicted in rectangles as these are not discussed from this paper.  
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Figure 21. NRC CISCC Susceptibility Map for 316L Stainless Steel [16] 

 

Table 3 from the Cookôs experiment [31] shows increased cracking frequency of 304L U-bend 

samples over 316L U-bend samples for deposition regimes 2 and 3 (low salt deposition density 

regimes). The cracking frequency of 304L and 316L samples were the same for deposition regime 

1 (high salt regime). Cook reported 7-34 µg/m2 salt deposition densities for regimes 2 and 3 and 

360 µg/m2 for regime 3 indicating a potential relationship between material susceptibility and salt 

deposition density.  

2.3 Heat Sensitization Effect on CISCC 

Heat sensitization from welding or heat treatment has been proven to weaken the alloyôs 

microstructure due to the depletion of chromium [21]. However, the increased susceptibility of 

sensitized samples to CISCC from published literature discussed in this Chapter have not been 
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consistent. The NRC experimental results [16] discussed earlier show that U-bends cracked after 

4 and 16 weeks of exposure while welded U-bends did not under the same experimental conditions. 

Furthermore, the results from the experiment performed by Mintz [30] indicate that welded 

samples were less susceptible to cracking when compared to heat sensitized and as-received 

samples when tested under the same conditions. Refer to Figure 14 from the Mintz experiment 

which shows that no cracking was observed on the welded samples after one month of exposure 

at 35  and 45  for the 10g/m2 deposition density while cracking was observed on the as-received 

and heat sensitized samples. Furthermore, heat sensitized samples were more susceptible than 

welded and as-received samples when tested under the same conditions. The cracking frequency 

of heat sensitized samples was mostly higher than as-received samples for all temperatures and 

testing durations from the Mintz experiment.  

2.4 Temperature Effect on CISCC  

CISCC dependence on temperature also has not been consistent from the published literature 

discussed in this Chapter. The NRC experimental results in Figure 20 [16] show that cracking was 

only evident at 43 , and no cracking was observed on any of the samples tested at temperatures 

below 25  or above 43 . Kosakiôs experimental results [4] show that cracking was initiated in 

just under 30 days using an accelerated experiment with NaCl mists at 60 . Zakariaôs 

experimental results [27] show no evidence of cracking on all of the samples tested for 42 days at 

28  and several salt concentrations in agreement with the NRC finding. However, Zakaria found 

that cracks developed faster as temperature increased, cracking at 70  and 90  occurred in just 

28 days or less contrary to the NRC findings where no cracks were observed at temperatures above 

43 . Mintzôs experimental results [30] show that cracking was observed after 1 month of 

exposure at 35 . Also, Mintz experimental results in Figure 14 clearly show that cracking 
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susceptibility increases as temperature increases, and temperature effect is more prevalent with 

increased exposure duration.  

2.5 Relative Humidity Effect on CISCC 

Several research papers examined the RH threshold necessary to increase susceptibility to CISCC. 

For instance, Mintz [30] established a threshold RH for cracking to initiate, which is a function of 

exposure temperature and salt deposition density. Mintz concluded that crack initiation was 

observed at 60°C and 25% RH, and no cracking or pitting were observed below this RH threshold. 

The threshold RH was determined 35% or higher for the samples held at 80°C as shown in Figure 

16. The NRC [16] allowed the relative humidity to vary from 25% to 75% based on the 

experimentôs temperature. The NRC stated that a threshold RH exists based on their extensive 

experimental work to determine the optimal RH appropriate for salt deliquescence. The NRC also 

claimed that heated samples to 85°C and above only reached 18% RH which is below the threshold 

for sodium chloride salt to deliquescence. The NRC concluded that higher temperatures (80-

120 ) did not accelerate SCC due to the decreased RH in the air surrounding the samples. The 

NRC also reported 75% RH on the samples maintained at 43°C which is appropriate for sodium 

chloride salt to deliquescence and promote SCC. Zapp [26] also reported the risk of SCC increases 

at a threshold RH known as ñdeliquescence relative humidityò. Zapp also claimed that the 

deliquescence RH is a function of the saltôs chemical composition and not the amount of deposited 

salt. 

2.6 Literatu re Review Conclusions 

Literature discussed in this Chapter shows that each CISCC experiment utilized a different 

methodology, experimental setup, and parameters. Variations in the experimental procedures and 
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designs in published literature make the study to study comparisons a challenging task. CISCC 

experiments are also sensitive to changes in the experimental parameters and exposure conditions 

such as, variations in the concentrations and type of simulated salts, RH, temperature, material 

composition, and sample preparation methods. However, trends from previous literature clearly 

show that increased salt concentration coupled with a susceptible material accelerated CISCC. 

Additionally, data from previous literature is well established on the existence of a deliquescence 

threshold RH to form a corrosive salt brine on the materialôs surface. Data on the effects of 

exposure temperature, heat sensitization, and material composition from the experiments discussed 

in this Chapter were highly scattered and not conclusive.  

Although previous studies provided valuable insights into the CISCC phenomenon, it did not 

provide conclusive data to establish thresholds for the factors leading to CISCC for a specific 

material grade. In part this is due to the differences in the experimental approach and the variability 

of the factors across all experiments discussed in this Chapter. Therefore, there is a need to perform 

CISCC experiments using a standard procedure to control parameters and eliminate variability and 

sources of error as practically as possible. Following a standard procedure, such as the ASTM 

B117, provides a uniform approach that can be reproduced for future extended testing to develop 

ñtime to failureò models and accurately estimate DSCs service lifetime. Another advantage of 

using a standardized procedure is the ability to attribute acceleration in CISCC or crack 

propagation to a particular parameter. Quality assurance controls and experimental procedures 

following recognized industry standards were utilized and emphasized in the experimental work 

discussed in the next Chapter.  
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3. Chapter 3: Experiment Design and Procedure 

 

3.1 Experimental Setup 

A high-level schematic of the accelerated CISCC experimental setup is shown in Figure 22. The 

main components are the corrosion chamber, compressed air supply, air dryer, Type IV water 

filtration system, and the exhaust outlet. The experimental setup relies primarily on the corrosion 

chamber that is depicted by the yellow box. Compressed air passes through an industrial air dryer 

and is directly connected to the corrosion chamber as depicted in the blue lines. A dedicated water 

filtration system was installed at the lab to produce Type IV water (red lines). The green exhaust 

line is a direct connection from the corrosion chamber to the atmosphere to exhaust fogging and 

to vent the chamber for data collection.  

 

 

Figure 22. Experimental Setup and Equipment Locations 
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3.2 Corrosion Fogging Chamber 

The corrosion chamber (Singleton Model SCCH22) houses the stainless steel samples and 

provides the necessary simulated corrosive conditions. The Singleton SCCH22 chamber is 

designed, built, and calibrated in accordance with the ASTM B117-19 standard (Standard Practice 

for Operating Salt Spray (Fog) Apparatus) [33]. Calibration and conformity certificates for the 

SCCH22 chamber are included in Appendix A.  

The main components of this chamber are the salt solution tank, level-matic tank, humidifying 

tower tank, sample racks, and the control system as shown in Figure 23. The chamberôs internal 

dimensions are 48ò x 30ò x 36ò with an internal volume of 30 ft3. The SCCH22 chamber runs at a 

constant RH of 100% which cannot be varied during the experiment. The control system displays 

the exposure zone, dry bulb, and wet bulb temperatures with the ability to vary the exposure zone 

temperature between ambient and 50C°. The salt is mixed manually and thus salt concentration 

can be adjusted per the experimentôs requirement. 

The chamber features a water jacket design with Polypropylene covers, the water jacket ensures a 

tight seal around the covers during operation and to prevent fogging leakage. Additionally, the 

chamber has a data logging capability through PLC communication and control software for 

monitoring the experiment conditions remotely.  
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Figure 23. Singleton SCCH22 Corrosion Chamber [34] 

 

Refer to Figure 24 and Figure 25 for a detailed view of chamberôs components [34] that could be 

referenced in this Chapter.  

 

 

Figure 24. Drawing of Singleton SCCH22 Corrosion Chamber (Manual) 
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Figure 25. Corrosion Chamber SCCH22 Major Components 

 

3.3 Compressed Air Supply 

A 5 HP piston type air compressor was used to provide a constant air supply at 3CFM and 60 PSI 

which is necessary to operate the corrosion chamber [35]. Compressed air passes through an oil 

and water separator first and then air dryer to remove humidity before reaching the corrosion 

chamber. At the corrosion chamber, compressed air passes through another air filter and the 

regulator assembly shown in Figure 26. The coarse air regulator reduces the pressure of incoming 

air from 60 to 40 PSI, and the precision regulator further reduces the air pressure from 40 to 15 

PSI before reaching the humidifying tower tank. This process ensures only clean and dry air at the 

appropriate pressure gets to the atomizer, and prevents oil and dirt collections which may cause 

clogging of the atomizerôs fine orifices and affect fogging rate. 



 

37 

 

 

Figure 26. Filter -Regulator Assembly for Compressed Air Supply  

 

3.4 Water Filtration System 

Type IV water was purified at the lab through a Culligan LC Series filtration system installed in 

the laboratory [36]. The filtration system comes with a 55-gallon tank and maintains Type IV water 

supply that meets the requirements of ASTM D1193 with a conductivity Ò1.0 ɛS/cm (or resistivity 

Ó1.0 MɋĿcm) [37]. Type IV water was also used to prepare the 5% salt solution.  

3.5 U-bend Samples 

The samples used in this experimental work were U-bends and welded U-bends made from 304 

and 304L austenitic stainless steel. U-bend samples were fabricated in accordance with the ASTM 

G30 standard requirements and made from a flat stainless steel strip and then shaped and fixed 

with a bolt/nut as shown on Figure 27 [28]. Welded U-bend samples were fabricated in accordance 

with the ASTM G58 standard requirements and made from a welded flat stainless steel strip and 

then shaped as shown in Figure 28 [29]. Note that welds at the tip of the welded U-bend samples 

were polished and may not be visible to the naked eye. 
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Figure 27. U-bend Sample Configuration [28] 

 

 

Figure 28. Welded U-bend Sample Configuration [29] 
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Table 5 shows the dimensions and finish of the U-bend samples.  

 

Table 5. Dimensions of U-bend Sample [28] 

Feature Dimension 

Thickness (T) 1.57 mm 

Width (W) 19.05 mm 

Length (L) 127 mm 

Radius (R) 12.7 mm 

Finish 120 grit 

 

Methods for stressing U-bend samples from the ASTM G30 standard are shown in Figure 29. 

These methods introduce applied stress into the samples through a single stage stressing method. 

For this experiment, the applied stress was considered constant across all samples and was not 

measured or quantified. A discussion on potential variations in the applied stress among the 

samples is included in Chapter 4.  

 

 

Figure 29. U-bend Sample Stressing per ASTM G30 Standard [28] 
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Figure 30 shows a picture of the actual samples. Each sample is stamped with the material grade 

(304 or 304L), sample identification number, and the designation ñWò for welded samples (304W 

or 304LW).  

  

 

Figure 30. U-bend Sample Picture 

 

A total of 78 U-bend and welded U-bend samples made from stainless steel 304 and 304L grades 

were used in this experimental work. Chemical composition and mechanical testing certificates of 

the U-bend samples are included in Appendix B. Below is the breakdown of the 78 U-bend samples 

used in this experiment, 

¶ 24 - 304 U-bends (stamped with 304 & serial number) 

¶ 18 - 304 Welded U-bends (stamped with 304W & serial number) 

¶ 18 - 304L U-bend Samples (stamped with 304L & serial number) 

¶ 18 - 304L Welded U-bends (stamped with 304LW & serial number) 
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3.6 Experimental Preparations 

This section details the steps required to prepare the SCCH22 chamber for experimentation in 

accordance with the chamberôs operations manual and the ASTM B117-19 standard requirements.  

The First step in preparing the chamber for experimentation is mixing the 5% by weight salt 

solution. Salt solution is prepared manually by mixing 20.74 Ibs of Morton Culinox 999 salt [38] 

with 50 gallons of Type IV water. Culinox salt has 99.99% sodium chloride as shown on the salt 

certificates provided in Appendix C. The 5% salt solution is then poured into the salt solution tank 

shown in Figure 25. One full salt solution tank (50 gallons) lasts for approximately three weeks of 

continuous operation. Note that the salt solution tank is connected to a small reservoir (aka., Opti-

fog reservoir) at the bottom of the fogging tower at the center of the chamber. The valve between 

the salt solution tank and the Opti-fog reservoir remains open during the experiment to maintain a 

constant supply of salt solution. 

The second step is filling the level-matic and humidifying tower tanks with Type IV water. The 

humidifying tower tank must be maintained at two-thirds full to ensure a constant supply of humid 

hot fogging to the chamber. The level-matic tank supplies Type IV water to the humidifying tower 

tank and automatically maintains it at the appropriate level of two-thirds full. One full level-matic 

tank lasts for approximately one week of continuous operation. The mobile cart shown in Figure 

25 next to the corrosion chamber holds both the level-matic and the salt solution tanks.  

The third step is ensuring that the fogging tower is positioned as practically as possible at the center 

of the corrosion chamber to ensure a uniform fog distribution throughout the corrosion chamber 

and onto the samples.  

The fourth step is placing the two collection funnels (collectors) in the appropriate locations as 
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shown in Figure 31. The collection funnels are used to measure collection rates inside the chamber 

at two opposite locations. The required collection rate per the ASTM B117 standard must be within 

1-2 ml/hour. The chamber was calibrated by the factory for this range as shown on the calibration 

certificates provided in Appendix A. Higher or lower than normal collections can be corrected by 

adjusting the atomizerôs angle at the bottom of the fogging tower (aka., atomizer tower) or by 

adjusting the fogging towerôs position to the center of the chamber. 

 

 

Figure 31. Collection Tube Locations in the Corrosion Chamber [33] 

 

The fifth step is placing the samples on the angled racks inside the chamber as shown in Figure 

32, the sample racks are designed angled at 30° per the requirements of the ASTM B117-19 

standard. The racks closer to the fogging tower were positioned approximately 5 inches from the 

center of the tower, and the racks farther from the fogging tower were approximately 10 inches 

from the center of the fogging tower. 
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Figure 32. U-bend Samples Positioned on Racks Ready for Testing  

 

3.7 Experimental Campaigns 

Two experimental campaigns were performed for this thesis, Table 6 shows the test conditions of 

each campaign. Each sample was weighed to the nearest tenth of a milligram before starting the 

experiment, weights are included in Appendix D. Experimental campaign 1 was performed at 35  

as mandated by the ASTM B117-19 standard and experimental campaign 2 was performed at 50. 

In both campaigns, the same set of samples were utilized to compare the results and characterize 

susceptibility to CISCC.  

 

Table 6. Experimental Campaigns and Test Conditions  

Parameter Experimental Campaign 1 Experimental Campaign 2 

Relative Humidity 100% 100% 

Exposure Zone Temperature  35°C 50°C 

Salt Concentration 5% by weight 5% by weight 

Testing Duration 4, 8, 12 weeks 4, 8, 14 weeks 

Number of U-bend Samples 

per testing duration (total of 

39 for each experiment) 

4x 304 

3x 304 Welded 

3x 304L 

3x 304L Welded 

4x 304 

3x 304 Welded 

3x 304L 

3x 304L Welded 
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Refer to Figure 33 and Figure 34 for experimental campaigns 1 and 2 diagrams, respectively. 

Sample locations were determined randomly, the stamped sample number is placed in parentheses 

next to the sample type. 

 

 

Figure 33. Experimental Campaign 1 Diagram (35°C) ï U-bend Sample Positions 

 

 

Figure 34. Experimental Campaign 2 Diagram (50°C) ï U-bend Sample Positions 
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Note the sample racks are made from plastic material that does not corrode or impact the sampleôs 

corrosion rate. Figure 35 shows a fully loaded chamber with 39 samples ready for experimentation.  

 

 

Figure 35. Experimental Setup and Sampleôs Placement in Corrosion Chamber 

 

3.8 Operational Procedure 

The level-matic tank supplies Type IV water to the humidifying tower during operation, the 

humidifying tower heats incoming water then bubbles are generated through a micro aerator 

located at the bottom of the tower (compressed air is required for this operation). The fine aerosols 

(fogging) pass through the salt solution in the Opti-fog reservoir to the atomizer which is located 

directly above the Opti-fog reservoir; and then the salty fogging is channeled into the chamber 

through the fogging tower. Collected salt solution at the bottom of the chamber drains directly to 

the main drainage lines in the lab through a drain outlet. The chamber runs continuously at the 

preset exposure temperature (35  or 50 ) until it is manually shut down by the experimentôs 

operator to either collect data or remove a set of samples for characterization (after 4, 8, 12, or 14 

weeks). Refer Figure 36 shows the corrosion chamber in operation, notice the clouded chamber 

through the top cover. 
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Figure 36. SCCH22 Corrosion Chamber in Operation 

 

Regular data collection is mandated by the ASTM B-117 standard to ensure that the experimental 

conditions are within the required parameters. It is required that no more than 96 hours would 

elapse between data collections as long as the experiment is running. The fogging chamber was 

turned off every 40-60 hours typically for data collection. The following required data points were 

collected each time the chamber was turned off which took 1.5 hours on average, 

¶ Accumulation rate of each collection tube 

¶ Temperature of each collection tube 

¶ pH level of each collection tube 

¶ Exposure zone temperature 

¶ Dry and wet bulb temperatures 
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Table 7 shows the lower and upper limits of the experimental parameters as specified in the ASTM 

B117 standard. Deviations from these limits during the experimental work would be corrected 

immediately to bring the parameters within the required range. 

 

Table 7. Experimental Parameter Limits Per ASTM B117 Standard [33] 

Data Lower Limit  Upper Limit  

Accumulation rate of collection tubes (mL/hr.) 1.00 2.00 

Temperature of accumulated solution, T ( ) 20.0 26.0 

pH level of accumulated solution at T 6.5 7.2 

Exposure zone temperature ( ) 35 or 50 

Relative Humidity (%) 95 - 100 

 

Table 8 shows an example of the data collected every 40-60 hours throughout the experimental 

work. The complete set of data collected during experimental campaigns 1 and 2 including sample 

weights before and after exposure are included in Appendix D. 
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Table 8. Example Data Collected During Experimental Campaign 1 (4 Weeks) 
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3.9 Quality Control Data Collection 

Prior to the start of experimental campaigns 1 and 2, a trial set of six 304 U-bend samples were 

tested at 35°C for 3 weeks to adjust the parameters within the desired limits. The trial experiment 

confirmed the functionality of the chamber, and the limits of all essential variables such as, 

exposure temperature, RH, and salt concentration. The following data points were collected for 

quality assurance for all experiments, although these are not essential to the experiment: 

¶ Purity of the Type IV water, this was measured using a TDS meter to measure the total 

dissolved solids (TDS) in ppm. TDS measurements were collected to ensure that the water 

filtration system is working as expected and the total dissolved solids are within range for 

Type IV water (<5 ppm). TDS periodic measurements during the experimental work are 

included in Appendix D.  

¶ Specific gravity of each collection tube. Specific gravity measurements are included in 

Appendix D.  

¶ Available salt solution vs. solution consumed 

¶ Available level-matic Type IV water vs. water consumed 

¶ Humidifying tower and level-matic tanks pressures to ensure the compressed air pressure 

is maintained within the required range of 12-15 PSI. 

Additionally, the Type IV water tank was recycled 2-3 times a week for one hour each time during 

the experimental work to prevent salts settling at the bottom of the tank which could affect the 

chemistry of Type IV water. Quality data was checked after each instance of data collection to 

ensure the chamber and the Type IV water filtration system are functioning as expected.  
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3.10 Post Experiment Procedure 

Four weeks after the start of each experimental campaign, one third of the samples (four 304, three 

304L, three 304W, and three 304LW) were removed from the chamber. This process was repeated 

eight and twelve weeks after the start of experimental campaign 1 (35 ) and 8 and 14 weeks after 

the start of experimental campaign 2 (50 ). Each experimental campaign was concluded with the 

removal of the final batch of samples. The diagram in Figure 37 shows the samples removed after 

4 weeks of testing at 35; the complete set of diagrams of removed samples after each exposure 

duration in both experimental campaigns are included in Appendix E.  

 

 

Figure 37. U-bend Samples Extracted After 4 Weeks of Experimental Campaign 1 

 

Table 9 and Table 10 show the complete set of samples removed after each exposure duration for 

experimental campaigns 1 and 2, respectively (sample number in parentheses).  
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Table 9. U-bend Samples Removed in Experimental Campaign 1 (35 ) 

Exposure Duration  U-bend Samples Removed 

4 weeks 

304 (#07) 

304 (#08) 

304 (#09) 

304 (#10) 

304L (#01) 

304L (#02) 

304L (#03) 

304W (#21) 

304W (#22) 

304W (#23) 

304LW (#01) 

304LW (#02) 

304LW (#03) 

8 weeks 

304 (#11) 

304 (#12) 

304 (#13) 

304 (#14) 

304L (#04) 

304L (#05) 

304L (#06) 

304W (#24) 

304W (#25) 

304W (#26) 

304LW (#04) 

304LW (#05) 

304LW (#06) 

12 weeks 

304 (#15) 

304 (#16) 

304 (#17) 

304 (#18) 

304L (#07) 

304L (#08) 

304L (#09) 

304W (#27) 

304W (#28) 

304W (#29) 

304LW (#07) 

304LW (#08) 

304LW (#09) 

 

Table 10. U-bend Samples Removed in Experimental Campaign 2 (50 ) 

Exposure Duration  U-bend Samples Removed 

4 weeks 

304 (#19) 

304 (#20) 

304 (#21) 

304 (#22) 

304L (#10) 

304L (#11) 

304L (#12) 

304W (#30) 

304W (#31) 

304W (#32) 

304LW (#10) 

304LW (#11) 

304LW (#12) 

8 weeks 

304 (#23) 

304 (#24) 

304 (#25) 

304 (#26) 

304L (#13) 

304L (#14) 

304L (#15) 

304W (#33) 

304W (#34) 

304W (#35) 

304LW (#13) 

304LW (#14) 

304LW (#15) 

14 weeks 

304 (#27) 

304 (#28) 

304 (#29) 

304 (#30) 

304L (#16) 

304L (#17) 

304L (#18) 

304W (#36) 

304W (#37) 

304W (#38) 

304LW (#16) 

304LW (#17) 

304LW (#18) 

 

At the end of each exposure duration, the 13 removed samples were then washed in Type IV water, 

dried with compressed air, photographed, weighed, inspected visually for any signs of cracking, 

and stored in air-tight containers pending microscopic analysis and characterization. Samples were 

weighed before and after exposure to quantify weight loss which could be an indication of 

corrosion rate or cracking potentially. Weights of all samples listed in Table 9 and Table 10 before 
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and after exposure are included in Appendix D. Figure 38 shows a sample photograph before and 

after exposure at 50  for 14 weeks. Notice the heavy signs of corrosion on the sample post 

exposure in the corrosion chamber in comparison with the clean sample.  

 

 

Figure 38. U-bend Sample Before and After Exposure to 50  for 14 Weeks 

 

Chapter 4 discusses the material characterization methods, pitting and cracking results, and the 

analysis of results. Additionally, the effects of temperature, heat sensitization (welding), material 

composition, and exposure duration on CISCC are discussed in Chapter 4.  
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4. Chapter 4: Characterization Results and Analysis 

 

This Chapter details the sample characterization techniques used to examine the U-bend samples 

after exposure to the accelerated corrosive conditions, the results, and the analysis of results.  

At the end of experimental campaigns 1 and 2, and after washing and drying the samples, an 

Olympus BH-2 optical microscope was used to scan all samples for signs of pitting and corrosion. 

The Olympus Microscope did not reveal cracking or pitting due to limitations on the magnification 

level, but it was used to select samples that showed heavy signs of corrosion for further analysis.  

Selected U-bend samples with heavy signs of corrosion were scanned with a Micro Computed 

Tomography (CT) scanner at the Federal University of Rio De Janeiro in Brazil for crack detection. 

The scanner model used is SKYSCAN 1273, this scanner features a combination of high energy 

X-ray source running at higher power with a large format flat-panel detector which provides 

excellent image quality in seconds. The SKYSCAN 1273 is capable of testing samples up to 500 

mm length, 300 mm diameter, and a maximum weight of 20 kg. Refer to Table 11 for the 

SKYSCAN 1273 specifications and Figure 39 for a picture of the machine used.  

 

Table 11. Specifications of SKYSCAN 1273  

Feature Specification 

X-ray source 
40-130 kV 

39 W 

X-ray detector 
Active pixel CMOS flat-panel, 

6 MP (3072 x 1944) 

Object size 
250 mm diameter 

250 mm height 

Power supply 100-240 VAC, 50-60 Hz, 3 A max 
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Figure 39. SKYSCAN 1273 at LIN (Nuclear Instrumentation Laboratory) 

 

The MicroCT characterization provided scans at small angular increments generating 360° scans 

of the entire U-bend sample. Additionally, the samples were characterized at small increments 

along the cross-section starting from the tip of the arch region through the entire length of the 

sample. Refer to Figure 40 for a schematic of the scanning procedure used. SKYSCAN 1273 is 

capable of detecting cracks larger than 7µm, but it did not reveal any cracking or pitting on the 

twelve (12) scanned U-bend samples from both experimental campaigns 1 and 2. If cracking is 

present, it could potentially be smaller than 7µm. Refer to Figure 41 for a sample MicroCT 

rotational and cross-sectional scans, additional sample MicroCT scans are included Appendix F.  
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Figure 40. Scanning Procedure with SKYSCAN 1273 

 

 

Figure 41. Example MicroCT Scans (SKYSCAN 1273) 

 

The next tool selected for pitting and crack characterization is a 3D Surface Profiler Model VK-

X3000 that is shown in Figure 42. This scanner was used to characterize a selected set of samples 

with the heaviest signs of corrosion based on the Olympus Microscope observations. 
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Figure 42. Keyence VK-X3000 3D Surface Profiler 

  

The 3D Surface Profiler provides a magnification level of up to x28,800 with non-contact surface 

scanning and automatic focusing. The 3D Surface Profiler provides high quality optical 

micrographs along with a surface profile report in one step. The U-bend samples selected for 

profile characterization are listed in Table 12. None of the samples tested for 4 weeks from either 

experimental campaign were analyzed with the 3D Surface Profiler because of the lower level of 

corrosion observed with the optical microscope, only the samples tested for eight or more weeks.  
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Table 12. Selected U-bends for Characterization with 3D Surface Profiler 

Test Duration Experimental Campaign 1 (35 ) 

8 weeks 304 (#11) 304L (#06) 304W (#26) 304LW (#06) 

12 weeks 304 (#16) 304L (#07) 304W (#27) 304LW (#08) 

Test Duration Experimental Campaign 2 (50 ) 

8 weeks 304 (#26) 304L (#14) 304W (#35) 304LW (#13) 

14 weeks 304 (#28) 304L (#17) 304W (#38) 304LW (#16) 

 

4.1 3D Surface Profiler Results 

Surface profiles were generated only at the arch region of the U-bend samples as depicted in Figure 

43. The applied tensile stress at the arch region is the highest and it is the most likely location to 

show signs of pitting and cracking. Approximately, the same region was scanned on all sixteen 

(16) U-bend samples to establish surface profiles for a qualitative microscopic characterization 

and quantitative statistical analysis for comparisons among the samples. 

 

 

Figure 43. Characterization Region with 3D Surface Profiler   
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On average, 10 surface profiles were generated for each U-bend sample listed in Table 12. 

Additionally, two reference samples made from 304 and 304W that had never been exposed to 

corrosive conditions were scanned. Each surface profile represents an area approximately 300-400 

µm2. Reference U-bend samples were fabricated to the same standard as the samples used in the 

experimental work and were supplied by the same manufacturer. Therefore, the reference samples 

were used for comparisons with the corroded samples to determine what is considered a normal 

surface defect and what is considered abnormal such as pitting or cracking. 

For each scanned surface, a micrograph with the associated surface profile report was saved for 

further visual analysis. Figure 44 shows a micrograph of the reference 304 sample and Figure 45 

shows a micrograph of the 304 sample exposed to 50  for 14 weeks, both at 50x magnification. 

 

 

Figure 44. Optical Micrograph  at the Arch of Reference 304 U-bend Sample  
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Figure 45. Optical Micrograph at the Arch of 304_50 _14 Weeks U-bend Sample 

 

Figure 46 shows an example surface profile characterization report. The report shows the optical 

micrograph on the left and the surface height profile on the right. The heigh profile shows the 

peaks and valleys (depth) to a reference plane relative to the sample itself, plane correction was 

done automatically in the 3D Surface Profiler. Beside the profile report, additional micrographs at 

various magnification levels ranging from 10x to 50x were saved for each U-bend to qualitatively 

characterize pitting and cracking. The height color bar on the far right of the report shows the 

height color gradient of the scanned surface and lists the maximum peakôs height (+) and the 

maximum valley depth (-). The maximum valley data of all scanned surfaces were used to 

quantitatively characterize pitting and cracking. Additional optical micrographs and surface profile 

reports are included in Appendix G.  
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Figure 46. Example 3D Surface Profiler Report 

 

4.2 Qualitative Cracking and Pitting Results 

Surface profiles and micrographs were examined and compared with the reference samples to 

qualitatively characterize pitting and cracking. This is a qualitative comparative analysis and 

therefore a procedure was established to determine the criteria of normal surface defects based on 

observations from the reference surface profiles (clean samples). Below are the observations from 

the reference optical micrographs and a discussion of the approach used for crack characterization. 

The first criterion is the direction of crack propagation; cracks are expected to be perpendicular to 

the applied stress as depicted in the blue arrows in Figure 47. To distinguish the direction of cracks 

on micrographs, cracks must be perpendicular to the material polishing lines.  
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Figure 47. Expected Crack Directions, Perpendicular to Applied Stress 

 

Optical micrographs and surface profiles of the reference 304 and 304W samples were examined 

to establish additional criteria of normal surface features. Figure 48 shows an optical micrograph 

of the reference 304 U-bend sample along with the height profile on the right. Peaks are ignored 

for the purposes of characterizing pitting and cracking. Notice the dark blue lines and valleys that 

are aligned with the material polishing lines (along the red arrows) and not perpendicular to the 

applied stress. Furthermore, these lines are straight and do not branch out or wave away 

perpendicular to the material polishing lines. Such lines were not labeled cracks when observed 

on corroded samples and were considered normal surface features. Refer to Appendix G for the 

complete set of surface profiles collected from the reference 304 U-bend sample along with large-

scale optical micrographs.  
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Figure 48. Profile of Reference 304 Sample at 50x Magnification 

 

Additionally, the wide blue horizontal valleys (channels) marked with red arrows on the height 

profile in Figure 48 were considered normal polishing lines as these were consistently observed 

on the reference samples. Also, horizontal polishing lines are typically larger than 10 micrometers 

in width as opposed to a few micrometers which is the expected width of cracks.  

Figure 49 shows a micrograph of the welded reference 304W U-bend sample along with the height 

profile. As stated earlier, peaks are ignored for the purposes of characterizing pitting and cracking. 

Similar to the previous observations on the 304 reference sample, horizontal blue lines that are 

aligned with material polishing lines and not perpendicular to the applied tensile stress are 

considered normal surface features. Additionally, these lines are straight and do not branch out or 

wave away perpendicular to the applied tensile stress. Another important observation, the edges 

surrounding peaks such as the one circled in Figure 49 may have the same appearance as cracks 

on the associated micrographs. Therefore, micrographs and the associated height profiles were 

compared side to side to distinguish these edges on the height profile appearing in dark blue from 

cracks. Edge lines were labeled cracks only if significant branching from the edges perpendicular 

the applied tensile stress is observed.  
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Figure 49. Profile of Reference 304W Sample at 50x Magnification 

 

The micrographs and surface profiles of the sixteen (16) corroded samples were visually analyzed 

and compared with the reference samples discussed earlier. Approximately, 6-12 profiles on each 

sample were visually analyzed for signs and patterns consistent with cracking patterns. Note that 

determination of whether the cracks are intergranular or transgranular was not possible since the 

characterized samples were not polished, and the grain boundaries were not visible on these 

micrographs.  

One limitation on the 3D Surface Profiler that must be considered while analyzing these profiles 

is the ability to distinguish small cracks from the surrounding material based on the color profile. 

The expected cracks are on the order of a few micrometers in width, and the optical light on the 

3D Surface Profiler may not be able to penetrate these cracks and thus not differentiate cracks from 

the surrounding material. However, subtle color gradients for small cracks were noticed on the 

height profiles and careful examination is required to detect those subtle differences. Table 13 

shows the qualitative results of pitting and cracking on the sixteen (16) corroded U-bend samples. 

 



 

64 

 

Table 13. Cracking and Pitting Results of 16 Corroded Samples 

Test 

Duration 
Experimental Campaign 1 (35 ) 

8 weeks 

304 (#11) 304L (#06) 304W (#26) 304LW (#06) 

Cracking  

Light Pitting  

Cracking 

Light Pitting  

Likely Cracking 

Heavy Pitting 

Cracking  

Heavy Pitting  

12 weeks 

304 (#16) 304L (#07) 304W (#27) 304LW (#08) 

Cracking  

Moderate Pitting 

Cracking  

Moderate Pitting 

Cracking  

Heavy Pitting  

Likely Cracking  

Heavy Pitting 

Test 

Duration  
Experimental Campaign 2 (50 ) 

8 weeks 

304 (#26) 304L (#14) 304W (#35) 304LW (#13) 

Cracking  

Light Pitting 

Likely Cracking  

Light Pitting 

Cracking  

Heavy Pitting 

Likely Cracking  

light Pitting 

14 weeks 

304 (#28) 304L (#17) 304W (#38) 304LW (#16) 

Cracking  

Heavy Pitting  

Cracking  

Heavy Pitting 

Cracking  

Heavy Pitting  

Cracking  

Heavy Pitting 

 

Figure 50 shows a micrograph of the 304 sample exposed to 35  for 8 weeks at 50x 

magnification. A few small cracks circled in blue appear to be developing in the expected direction 

perpendicular to the applied stress; such lines were not observed on the reference samples. 

Additionally, the color profile for these lines is different from the surrounding material indicating 

a deeper surface. Moreover, the observed lines in Figure 50 show signs of branching as opposed 

to the straight polishing lines on the reference samples. Cracks were also observed on the 304L 

and 304LW samples exposed to 35  for 8 weeks as shown in Figure 51 and Figure 53, 

respectively. Micrographs of the 304W sample exposed to 35  for 8 weeks did not show cracking 

lines consistent with the established criteria except for one ñlikely crackingò observation that is 

shown in Figure 52. 
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Figure 50. Cracking at the Arch Region on 304 Exposed to 35  for 8 Weeks 

 

 

Figure 51. Cracking at the Arch Region on 304L Exposed to 35  for 8 Weeks 
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