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Abstract
Chlorideinduced stress corrosion cracking (CISCC) has been identifidtieamain
degradation mechanisfar spent nuclear fuel dry storage canisters. This type of induced
cracking is complex and depends several factors, such asaterial composition
exposuretemperature, relative humidityapplied tensile stress, and atmospheric salt
concentrationAn accelerated experiment was designed to simulate marine environments
in a controlled fogging chamber to examine 304 and 304L stainless stemidJand
welded Uberd samplesThesamples were exposed to chloride rich and humid fogging
a corrosion chambext 3 5 continuously for 4 weeks, 8
experi ment was repeated at 50 f orthe4d weeks
sensitivity of CISCC to temperature change# 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 t 50 35dumtensdanging fron8 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 argsis 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 vduiand a stainless steel canister that houses the spent nuclear fuel (SNF)
assemblies. Multiple conditions must be present simultaneously for chinddeed 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 froms#@s austenitic stainless steels which
are susceptible to this type of corrosion during Hemgn 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 londerm storage of SNF. An accelerated experiment was designeaiine
the effects of temperature, exposure duration, and welding on pitting and cracking for 304
and 304L Ubend samples. The experimental results concluded that stesteesgrades
304 and 304L are susceptible to CISCC when exposed for 8 weeks @r torfiggging at
temperatures between 35 and 50 , 95% rel ati
This study also concluded that increasing exposure duration from 8 to 12 weeks or the
temperature from 35 to 50 h di@eh ofnlCeSCG.i gni f i c
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 surroundisgent nuclear fuel (SNRJry storage canisters
(DSCs) or often referred taas independent spent fuel storage installations (ISF&4s) be
detrimental to the canister over timihe utilization of DSCs hasncreagdin the United States
and around the worlith recent years as data shawshe Congressional Research Services (CRS)
report for congres§l], many of them are stored near corrosiarine environmentsHarsh
corrosive conditions are characterized with higltmospheric salt concentrations high
temperaturg and high relative humidityRH). Moreover, thesetainless steatanisters exhibit
residwal stresses from fabrication, and some are welded resulting in material sensitization around
the weld areknown as heaaffected zone (HAZ)which reduces he cani ster 6s
corrosionattackq2]. Certain types oforrosion attacksan lead to cracking through the steel such
as, stress corrosion cracking (SCChmarespecifically chlorideinduced stress corrosion cracking
(CISCC) reslting from harsh environments with high chloride conteatg,(sites near sea water).
CISCC is a complex phenomenonand only occurs whencertain conditions are present

simultaneously for extendatlirations

Due to the complexity of CISCCexperimental data is desired to better understand the
phenomenontself and to find threshoklfor the environmentalconditionsthat leadto pitting
corrosionandcrack initiation[3]. Furthermore, data on crack propagation through stainless steel
is neededo estimate the lifetimef DSCs[4]. This research investigates CIS@Ca controlled

corrosiveenvironment taharacterize pitting and crackinfjU-bend and weldeddendsamples



made from304 and 304laustenitic stainless stemldifferenttemperatures

Furthermorethere are no clear guidelines or specific regulatory guides on the servicddB€af
TheU.S.Nuclear Regulatory CommissioNRC) hasentertained the idea &NFdry storage for
up to threehundredyears[1], but concerns regardingngterm storage havbeen raised by
leading research institution®©ne example is the research conductedthg Electic Power
Research InstituteEPRI) which concluded that CISCC ike mostcredible threat to DSCs a
Canister Breach Consequence Analysis SfatlyCurrently,DSCsarelicensed for 2¢earsonly
with the option to renepsomelicense holders havaready extended theiiry storagdicense for

another 20 year®.g, Surrey NucleaPlantin VA) [6].

This thesis providethe resultsof two acceleratedCISCC experimeratl campaigndo enhance
understanding of the factors leading to CISCC in 304 and BBbEndstainless steedamples
with applied tensile stres&xperimental resultsan providethe NRC and commercial nuclear
power plants (NP$) with meango estimatehe risk of cofinement breackue to CISCC for early

intervention to alleviate its effectsdprevent premature cracking.

1.2 Spent Nuclear Fuel Storage

CommercialNPPs originally planned to reproceS8IF and reuseit as fresh fuelwhile by-
products such as PlutoniufRu239) arerepurposedor military applicationsIn the late 197Qs
the U.S. President Jimmy Carteamposed a ban o&NF reprocessingiting proliferation and
national securitgoncernsAs a result othis ban,NPPshad no meas of storing SNF outsidée
reactorpools. Reactor poolsvereoriginally designedo houseSNF assembliefor up tofive years
to cool them down toa lower activity levelsuitable fordry storage €.g., deep geological

repository)[7]. Moreover, the U.SDepartment of Energy (DOH)ascommitted to establish a



deep geological repository t@ansfer andonsolidateSNFassembliefrom operationaNPPsafter
thefive-year cooling perio@]. This commitment ameasaresult of the reprocessing haut it
has not come to fruition as previous effdrs/e failedsuch as the Yucca Mountainoject that

was terminated in 2009 ligeformer president Barack Obarfig [7].

Due to the lack ofction ondeep geologicakpositoriegor the passeveradecadesDSCsystems

have been gaining momentum and popularity and licemsesarebeing extended from few years

to decades according to theeernational Atomic Energy AgencyAEA) [9]. Furthermore]AEA
statedthahny st orage beyond a IKEongfTtey moe arn dt entorw it sh ec
enoughdata on the integrity of these systems for lbegn storagelnvestigatingthe longterm

feasibility of DSCs & a necessityjow sinceno plansfor agovernmensponsoredieepgeological

repositoryin foresight Based on the current inventaagd rate of generatiaof SNF, the need for

a robustDSC systemand a credibleegulatory frameworkvill only intensifyin the future Table

1 shows facts regarding SNF in the U.S. from@RSreport[1]. Figurel showsthe locationgand

estimatechumberof ISFSIsin the U.S. as oDctober2021[10].

Table 1. SNFIn Brief from the CRS Report for Congresg1]
SNF In Brief

Commer ci al SNF i s composed5mfl anedg al as s ¢
SNF contains uranium and elements created in nuaaation.
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 &ites 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.




SNF In Brief
SNF is stored in wet pools and dry casks.
SNF storage at reactors was intended ttebmgorary, 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 20(
SNF storage is expected to be needed for more than 100 years.

Q ISFSI site-specific license (16) k
Q ISFSI general license (65)
[ 35 States have at least one ISFSI i

Figure 1. Locations of ISFSIsin the United Statesas ofOctober 2021 [10]

1.3 Dry Storage Cask Systems

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

for othercountries such as France and Japan where recycling of SNF is pefiiijtéd the U.S.,

a fresh nuclear fuel bundlevhich isshown on the far left ofigure 2, is typically used in the

reactob sore for 2436 mont hs bef or dabeiedSBE Newla teraoned SNt and
assemblies are highly radioactive due to the accumulation of fission prdchmtshe U235

4



fissionprocesd ur i ng t he r eact o3NFmustdestoredd poanexttothdr er ef o
r e a c t ofora minimumrofive yearsuntil they reach &ower activity level suitable fabSCs

thatare shown on the far right &fgure?2.

Grids. s

7
¥

Spacer —
7 4
.
7

Fresh Nuclear Fuel

Reactor Core

Dry Storage (Long Term)

Figure 2. Nuclear Fuel Cyclein the United States

There are twadry storage casklesigns that are currently licensed by the NRC, vertical and
horizontal systemshownin Figure3 andFigure4, respectively Thetwo designs are similar in
theircapability ofdecay heat removéidom the SNFby natural convectigrbuttheonsite footprint

construction métod, construction material, atigeir efficiency ofheat removaare different

A typical dry storage casknit consists of a concreteult surrounded by an outer metal lining.
Inside the concreteault (shell) is thestainlesssteelcanisterthat houses the SNF assemblilse
primary construction materiabf the internalcaniste is 300-seriesstainless steeind most

5



commonly austenitic stinless steeB04, 304L, 316, and 316lgradeswith bolted or welded

canisted ¢id [2]. DSC systemsare stored independentiyutdoorswi t hi n t he nucl ec
vicinity on adesignatedoncrete pad to allow for natural convectiwertical DSCs can bestored

as independent usj such as the HETORMdry caskshown inFigure3 which is maddyy Holtec
International[12]. Horizontal DSCs are stored in groups as shown kigure 4 with a natural
convectioncycle through the concrete structtoeremove decay heauch as the NUHOMS8ry

caskmade by Oran{il3].

storage cask lid

securing lag bolt
cluster of fuel assemblies

storage cask
concrete wall

spent-fuel canister

Il

L

storage cask
metal lining

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



Figure 4. Horizontal SNF Dry StorageSystem(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 omthe e rsurfackthi@atabsorb
moisture from thesurroundingair to forma deliquescence salt filthat causes pitting or crevice
corrosion[14]. The deposition rat®f sea salt particleis afunction of thegeographical areand

the surrounding environmental conditiorSurrent research suggests that the formation of
deliquescence salt film is highly dependent on temperatureR&hd@l5] [16]. Additionally,
research suggesasigh probability ofSCCin highly stressed areas such as bent surfaceseatd
sensitized areasom welding or heat treatmef]. However, research suggests thatehisrno
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threshold for tensile stress to initigd€Cbut increasedensile stress accelerates time to failure.
Applied stressemakes the stainlesst eel 6 s protective oxide | ayer
encourages pitting corrosi¢h7] [18]. Pitting corrosioradvances into SC@hen the appropriate

conditions are preseins depicted ifrigure5[19].

Rust

L ORIG

Stainless

steel (=

Deposition of Deliquescence Pitting or crevice  Crack initiates
seasalt of sea salt corrosion when RH>15%
particles

Figure 5. Stagesof Stress Corrosion Cracking[19]

1.5Material Susceptibility to CISCC

Susceptibilityto CISCCis highly dependenbnthema t e rchemitalicempositio(e.g, material
grade)and stresstatesuch asapplied stresgiesidual ress andheatsensitization It has been

shown that standard gradesanisteniticstainless steel such as 304, 304L, 316, 3H@the most
susceptible to CISC{20]. Corrosion experiments have showarious level®f corrosion, pitting,

or crack propagation for dissimilar grades of austenitic stainless steels exposed to the same
conditionsemphasizing té role of alloy composition in CISC{16]. Residual stregs from
fabrication procegssuch as bending or applied stress through bolted conneatsntecreases

the materiak resistance t€ISCCattacls [2].



Additionally, heat sensitization due to welding or heat treatment reduces the rdagesiatance
to corrosion.Welding stainless steel requires heatittg400-8 0 O resultingin a HAZ where
carbonatomsdiffuseto the edges of the graboundariesandreact with theavailablechromium
forming chromiuncarbideqCr23Cs) as shown irFigure6 [21]. Chromium in stainless steel is the
primary protective elemerasit reacts with oxygemhen exposed to the atmosph&dorm a
protectiveoxidel ayer on t he mat eheihant dhomisnudepieron ean beOn t h
detrimental to thes 't ai n | e abgity te fightecbridsve attackby weakening the grain
boundaiesleading tointergranular stress corrosion crack[@g]. Low carbon materialsuch as,
304L or 316L (L indicates a low carbon conteate recommended for welded structutes
mitigate the effect of heat sensitizatij@2] [23]. DSCsare made from rolledtainlesssteel shells
which arelikely to have residual stressem manufacturinggndsomeareweldedwhich further

increassits susceptibility to CISCC

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

The presence o& susceptiblealloy, heat sensitizatignand tensile stressedthout a corrosive
environments not enough tdrigger concernsover CISCC. Crackinitiation and propagation is
also dependendn the environmental conditions surrounding the mateFRajure 7 shows the
conditions thamust be present simultaneoufty the initiation ofSCC[24]. If one condition is
eliminated or avoidedhe likelihood of developing SCC will be reduced draocadlty. Likewise,
exposure duratiors an essential variable to the development of $@kbughnot depicted in
Figure7. SCCis along-termphenomeno as stated previouslits developmentakesplaceover

extended exposugvenall pre-conditions are met.

Stress
* Weld Residual Stress

Material
Stainless Steel

Figure 7. Stress Corrosion CrackingConditions Map [24]
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A typical crrosive environment is best characterized with high concentrations of salts, high
atmospheric temperature, and high. High RH coupled with high concentration of salts in the
atmosphere enald@ process known ateliquescenceDeliquescence is the process where solid

salt deposit®n materiakurfacesabsorbhumidity from the surrounding ato form achloride rich

liquid film that eventuallydissolvesthes t a i n | e sremium tpassve ayer leading to the
oxidization of the base metal (&#). On the other hand,dh temperatureenableefflorescence

which isthe process ofiryingthemat er i al 6 s sur face | easwshowy behi
in Figure8[25]. Both deliquescence and efflorescemekich arecompeting processgesontribute

to themater a He@radatiorandlead to corrosion, pitting, and crackiafier extended exposure

Dilution

Absorbed water

Increasing Efflorescence \
water e (8

concentration Deliquescence

tH

Adsorbed
water

Increasing RH -
Figure 8. Salt DeliquescencgEfflorescence, and RH Relationshif25]
Research suggests thlere is @hreshold RHat which the risk of SCC increasakich is known

as fAdel i guescen dheddigudseence RHahreshedah fuinciion otheesat type

and is independent of the quantity of deposited[26]t

11



The schematic ifrigure 9 showsa DSC éka., ISFSI) unit located near sea watehich is the
motivation behind this research to examine its serviceNiR®s located near marine environments
and considering DSCs for losigrm storage must be mifudi of the CISCC risk within their aging
management strategixperimental data opitting and cracking can be useful to the NRC in

licensing commercial DSCs for losigrm storage beyond the initial-@arterm

ISFSI

Salt Condensation

l“\ .]I[./ ;.'E - S ea

Concrete Cask

Figure 9. Schematic oflSFSI 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 experimierasontrolledfogging chamber. Chapter 3 provides

a detailed overview of the experimahtesign proceduresdata cokction, and the quality
assurance (QA) proceduraaplemented to control the experim@&nparameters and quality of
results. Chapter #hcludes thesample characterization procedunesults,and analysis of results

of the two experimental campaignderms of susceptibility to CISC&inally, Chaptel5 provides
conclusionsaandrecommendations for future researclageelerate€€CISCC
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2. Chapter 2: Literature Review

Extensive research has been done ifighe of SCCand CISCQn austenitic stainless steel using
natural exposure and accelerated experiments to understgitetimmenoitself and the factors
leadingto SCC. Many researchers examined SCC for a wide range of applicationsaghe
storage oSNFnearcoastal aresand to find alternative materials for reactor components that are
susceptible t&8CC The mechanisms of pitting, cracking, and crack propagation are not well
understood and the data available in this area are limited due to the complthétytenomenon

and thevariety offactorsinvolved [3]. Moreover, SCC experiments are sensitive to the method
and approackvhich adds another layef complexity for instance changinpe geometry of the
experimental setupr the salt compositioncould lead to unique resultBurthermore, Sandia
National Laboratory (SNL) published a report summarizing data available on SCC from multiple
experimental work and concludehdat fiAvailable SCC crack growth rate data from corrosion
testing under atmospheric conditions is highly scattein part due to wide variety of testing
methods used to collect the data. Other contributing factors are -tegtydy variations in

potentially important parameters such as salt load ahid (3].

Althoughknowledge inSCCis relevant to a diverse range of applicatjadhss Chapter is focused
on CISCCexperiments relative to the storagesdfFin DSC systemsSeveral prominent research
organizationsand institutions around the worlate actively pursuing academamd industrial
researchin CISCC such athe NRC EPRI,DOE,andSouthwest Research Institute (SWRI). EPRI
performed a consequence analysis scoptndy to examine the confinement breach of welded

stainless stedDSCsdue toCISCCa nd st aChlerttle indhcad stre8s corrosion cracking
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leading to canister confinement breach is identified as the most credible aging management

degradation mechanisito impact the canister confinement functda].

Most of the existing research @SCC for nuclear applications is focused on stairdesss grades

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

conditions and widely used in the nuclear induflB}. Papers discusséul this Chapterexamined

the effectof heat sensitizatiorfrom welding or heat treatmenRH, temperatureand salt

concentratiorfrom acceleratecd6CC experimentsThe following sections provide a summary of

the state of knowledge this areawith emphasis on the approach utilized in each pafie?2

summarzesthe relevanpapersthat will be discussed in thiShapter withhigh-level details on

each paper.

Table 2. Papers Summaryon AcceleratedStress Corrosion Cracking

Author (year) Organization Experiment Type Sample Type/ Experiment
Materials Conditions
L. Caseres and NRC/ SWRI Accelerated-ogging | U-bend and Welded | Temp.: 25 176
T.S. Mintz Chamber/Spray Tes| U-bend RH: up to 70%
(2010) 304, 304L,316L Salt Conc.: 5% by
weightNaCl
Akio Kosaki CentralResearch Accelerated-ogging | 4 point bent & 3 point Temp.:Ambient/60
(2007) Institute of Electric Chamber/Natural bend RH: 95% (at 60 )
Power Industry Exposure 304,304L,316LNG | Salt Conc.Saturated
NaCl
Zakaria et al. Centre for Corrosion | Immersion test U-bend, 304L Temp.: 28 |/
(2020) Research, Universiti Salt Conc.: 0.1 wt.%, 1
Teknologi wt.%, 3.5 wt.% NaCl
PETRONAS
Mintz et al. SWRI/NRC Cyclic humidity test | U-bend and Welded | Temp.:
(2013) (fog chamberstatic | U-bend 35°C/45°C/52°C/ 60°C.

test conditions
(constant humidity

304as well as
sensitized samples

RH: variable per test
Salt Conc.: 0.1, 1, 10
g/nm?
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Author (year) Organization Experiment Type Sample Type/ Experiment
Materials Conditions
Cook et al. University of Accelerated U-bend, 304L & Temp.: 80
(2011) Manchester, UK, Experiment/Natural | 316L RH: 30%
University of Oxford, | Exposure Salt Conc.: varies
UK, CSIRO, (multiple salts and
Melbourne concentrations)
Kim et al. (2021) | Korea Institute of Accelerated Fogging WeldedU-bend Temp.: 60 /
Materials Science Chamber/Spray Tes| 304L & 316L 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 expefitognt
following a modified version of GM 9540P accelerated test procedure. The NRC used a standard
fogging chamber to evaluate-bhénd and welded {bend samples made of 304, 304L, and 316L
austenitic stainless steelatmp er at ur es r-diwd@i n@anfdr vymrd5 ng RH.
chamber used by the NRC (Auto Technology model number-BCR0) has a cyati capability

to maintain a salt layer on the sampldhe cyclic feature works by foggingsalt for a
predetermined duratioand thendispersionstopsfor drying leaving behindsalt deposit®n the
sampl® s s uRHfwas afunction of the exposure zone temperatwet and dry cycles
alternated RH from high to low and vice vebsd it did not exceed5P6 in any of the experiments

The NRC used an optical microscope to examine corroded samaekswereobserved under

50X magnificatiorwith widthsranging from3to 5 pmas shown irFigure10 for the 304 sample

exposed to 43°@r 16 weeks.
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Figure 10. CISCC Observed on 30&6ampleExposed to 43°C for 16 WeekEL6]

The NRC conclusions did not agree with previous published literi@t}eelative to the effect of
temperaturen SCC.The NRC observedacksat exposure temperatuselow4 3 for all sample
types and exposure durations-(82 weeks) The NRC findings indicatenat CISCC dog not
accelerate at highgemperaturess evident by the plot shown Figure 11 for 304 samples
Moreover, welded thends didnot crackbetweend and 16 weeksf exposure a#¢ 3 while at
least one unwelded-bDend cracked during thisne undermining the effect of sensitizatidoe to

welding.

Open — No Cracking A - Single U-Bend

304 Solid — Cracking O - Double U-Bend

Q — Welded U-Bend

5
L JaY A A A
) 120 O O O (m}
2 ©[Noscc | © © ©
5 zone
o A A A A
E 85 1 O a O [}
2 o) o o o
(113) A3 goc | A 33) A
43 -1 (13 03| Sone | MGR) (3/3) M
(@] @] ®(313) e
T L 1 1
4 16 32 52

Exposure Time (Weeks)

Figure 11. Exposure Timevs. Temperature for 304Samples[16]
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Worth noting the tbend samplegsed in theNRC experiment were prepared in accordance with
the American Society for Testing and MateriaBSTM) G30 standat (Standard Practice for
Making and Using tBend SC Test Specimen&8]. Welded Ubend samples were prepared in
accordance with ASTM G58 standard (Standard Redbr Preparation of SC Test Specimens

for Weldment$[29].

Kosaki[4] performed two experiments estimate SCC initiation time and crack growth rate under
both natural and acceleratedposureconditions. The SCC initiation experiment waerformed
using the 4bend point samples witlit cracks, the crack growth experimeniized 3bend point
samples witlapre-existingcrack TheKosaki experiment utilized base metal and welded samples
made from 304, 304L, 316LNQNG is a nuclear grade designatiorgfer toFigure 12 for the

samplé® sonfiguratiors.

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

Natural exposure experimentgre done at Miyakojima Islar{chost corrosive location in Japan)
andtheaccelerate@éxperiment wasompleted ira controlled chamber filled with saturated NaCL

mistsa t 6o 5 yearsFor the natural exposure experimenaibient conditiongnitiation of
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SCC wasonly observedon the 304 weldsamples afteR.5 yeas of the test. Under accelerated
conditions, SCC was observed within 30 daysll sample typeé304, 304L, 316LNG). However,
the findings ofthe accelerated experiment gat be attributed toa single parameter since
temperatureRH, saltdepositionrateor saltconcentratiorwere allincreasedsimultaneoushand
not independentlyResults from therack growthexperimens showed higher crack growth rates

in specimensubjected to accelerated conditions abheseplaced in open air.

Zakariaet d. [27] performed an accelerated experiment using 304iehd samples prepared in
accordance with the ASTM G3f@andard28]. The experiment method wasg-term immersion

of asreceived andheat sensitized samplés 0 0 fhoorg. This experiment utilize®laCl salt
solutions with0.1 wt.%, 1 wt.%, and 3.5 wt.@oncentrationand2 8, 7 0 , axpodured O
temperaturesThe samples were immersed for 42 dimyexamine the effect of heat sensitization,

temperature, and salt concentration on the acceleration of CISCC.

P P2

As-received Samples Heat Sensitized Samples

L )

Figure 13. U-bend Samplesfrom Zakaria6 Bnmersion Experiment [27]

None of the aseceived and heat sensitized samplgzosed t@ 8 showed any signs of cracking

after the 42 days had elapsefthis wasthe casefor all salt concentrationsA t 70 gener
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corrosion was observed on tagreceived samples placed in the 0.1 wt.% and 1 wt.% containers,
pitting started after 21 days on the samplesedin the 3.5 wt.% container and cracking after 42
days.Onthe ensi t i zed s ampl @askingmerenotéd orall samptedatallsgt a n d
concentrationsOn the samplesexposed to7 0 and3.5 wt.%salt concentratigncracking was
initiated in 28 daysatherthan4?2 days for the aseceived samples At th& €onclusions were
similar to the c experimentshutcarresiof, pitong artd bracking Occurred
faster.Time tocrackingon the heatsensitized specimens wa$ 28 daysas opposed ta4 i 42

days on the ageceived specimensThis paper show that increagng temperature and salt
concentration are directly proportional to the acceleratidISTCC However, Zakari a
regarding the effect of temperature does not agreeth@tNRC conclusiors [16]. Additionally,

the experiment showethat heat sensitization increased susceptibility, corrosion rate, and crack
propagation ratevhich was not evident ithe NRC stug [16]. This papedid notexamine the

effect of material composition and only tes&xiL samples

Mintz et al.[30] performed two acceleratexkperimentsising 304base metalwelded, and heat
sensitized ktbend samples prepared in accordance with the ASTBD Gtandard28]. The
obj ect hMiien tozf e x poeexamimaheneffects abalt concentration, temperature, and

RH on SCCinitiation on austenitic stainless steel. The salts used in this experimentalweoek
sodiumandmagnesiunthlorideswhich have deliquescence pointspproximately’0% and 306

RH, respectively Sensitized samplesere heated in air at 650°C for 2 hours to simuldte t
condition of the weltHAZ. The first experiment was conducted in a corrosion chamber with cyclic
humidity testthe samplesvereplaced on cylindrical heaters. The temperatures us#te first
experimenwere 35, 45, 52, and 60°C and the samples @examined as early amemonth The

second experiment was conducted in a corrosion chamber under static environmental conditions
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(constant temperaturesh the second experiment samples were deposited with salt particles and
placed in a corrosion chamherder constant temperatures at 45, 60 and 89%&reomicroscope
with 50x to 1000x magnification was used to examine the samples post expbsutteer

examination otrackswas conducted once a crack is observed.

The results fronthe first cyclic expementshowedhigh dependenceetweensalt concentration
and SCCThe samplesexposedo 10 g/nf deposition densityvere more susceptible thémose
exposedo 0.1 and 1 g/fdeposition densities aretacked as early asnemonth of exposure
Refer toFigure 14 and Figure 15 for susceptibility maps for 10 ghand 0.1 g/risimulated sea
salts, respectivelyMintz observedrackson the samples exposed to 35, 45, and 52°C but not at
60°C. Sensitized specimens showed more cracking tmmeceived samplesand more
interestinglyweldedsamplesvere less susceptible to crackihgnheat sensitized and-asceived
samplessimilar to the conclusiodrawn fromthe NRC studyf16]. Cracks were observad the
cyclic experiment afteone month and it was more seeeafter four monthsas evident irthe
susceptibility maps ifrigure 14 and Figure 15. On anotherobservation from this experiment
samples exposedto lower simulated seasals showed increasedsusceptibility at lower
temperaturesThis experiment showshat CISCC depends on saleposition densityand
temperaturécoupled dependenceahcreasing temperatumnly did not necessarilyorrelate with

increased susceptibilitpy SCCin agreementvith the NRC conclusiongd 6].
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Figure 15. SCC Map for 0.1 g/nt Simulated Sea Salf30]
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The results from theecond experimerat constant humidity or static environmental conditions
were consistent with the results from the cyclic test€60°C of the constant humidity testack
initiation was observed at above 25% RH awadcracking or pittingvere observedbelow this
threshold. Foithe samples held at 80°C, the RH threshold watermined 35%or higher as
illustrated inFigure 16 for boththe cyclic and static test§he experimental work performed by
Mintz indicates thatcrack initiation is a function oRH, temperatureand salt deposition density

as shown irFigurel6.

100 \ -— . .
1 \ i ——100g/m3
90 1 Myoo,, [JRH —+75g/m3
-8-50g/m3
80 ——40 g/m3
NaCI DRH &35 g/m3
{ =30 g/m3
- ——25 g/m3
20 g/m3
0 =15 g/m3

=10 g/m3

Relative Humidty, percent
3

40 -
30 A
20 4
10 . Statictests whare »0C occurs
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' :
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Temperature, G

Figure 16. SCCMap for RH vs. Temperature for Cyclic and Static Test$30]
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Cook et al.[31] performedtwo experiments,an accelerated experimefdka., laboratory

experiment) and fld exposure experimenOnly the accelerated experiment with sea salt

deposition is discussed froB1o0 o kpdpear.In the laboratoryexperimentexposure regimes were

develged to deploy salt depostts Type 304L and 316L austenitic stainless stebedd samples

prepared in accdance with ASTM G30 standaf@8] prior to the extende@&xposureto the

corrosiveenvironment Co o k 6 s
aerosol depositiamable3 showsthe result®f the laboratory exposure experiments for 1000 hour
at80°C and 32% RH. Regime 1 corresponds torsdar, regime 2 corresponds to x10 diluted sea

water,andregime 3 corresponds to x100 diluted sea water. Clediwedt h e

pu

rpose

of t

he

| aboratory

tomplete A

failured as a crack through the matedighickness and crack frequency as follows,

"0 QAAI M ®QE @

04 0N Q0QRONN ¢TI NRQEBHRQE 00 QI QE &9 AN 61 Q

YE OUXE QN QuQOROON £ 1 Q0N Q

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

" Average nominal No. of Cracked .
. Deposition " ; No. of Failure
Material reqime salt deposition | specimens failures but not frequenc
9 density (ug/m?) exposed failed g y
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 saltleposition dendigsfromtheCo o k 6 s e 00084 g/nn@1] were(
much lower than the salt deposition density from the experiment described earlier byMintz
g/n?) [30]. However, the resultsannotbe directly comparedue b differences in the exposure
duratiors and temperatuge The results fronthis experiment show strong correlation between
cracking and salt concentration as filnéure frequency wasigherfor regime lthanbothregimes

2 and 3 Also, failure frequencyof 316L waslower than 304L emphasizing the effect of alloy

composition orthe susceptibility to CISCC aseen fromTable3.

Kim et al.[32] performed an accelerated experimanevaluatewelded Ubend amples made
from 304L and 316L austenitic stainless steel at different temperatures andiit-bbjective of

this experiment was to examine the effect of temperature and RH on We&lsamples were
welded usingautomated gas tungsten arc wéi-GTAW) method welding temperaturevas
mai nt ai ned The samples Weresinstrumented with a direct current potential drop

(DCPD)to monitor the initiation of CISCC signal as showrFigurel17.
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Figure 17. Sample Configuration for CISCC Signal Monitoring [32]

CISCC tests wereonductedn a saltspray chamber where 3.5 wt.% NaCl solution was sprayed

every 10hoursfor 30 mins.Table 4 shows thetest parameters and conditiofrem Ki mo s

experiment
Table 4. Experimental Parametersfrom Kimbé s P[@2%) e r

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

2 samplegemoved | 2 samplesemoved| 2 samples remove
No. SamplegMaterial every 3 week804L | every 3 weeks every 3 weeks

& 316L 304L & 316L 304L & 316L
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Figure 18 shows theDCPD signalfor 304L and 316lsamplesat60 andRH 30% The graph
shows a sharp increase in the signal for 304L afterr®@@sof immersion indicating a crack
initiation. This voltageincrease was not observed the 316L sample whicemphasizeshe

increased resistance of 31§radegdo CISCC over 304 grades.
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Figure 18 DCPD Results for 304 B2ld 316 at 60

Visual analysis of the sample with time elapsed is showiguare19 which clearly illustrate the

sharp increasef DCPD signaWwhen cracking was initiatedPittingwasreportedafter 504 hours

of testing pitting advanced into crackirajterthe 806hours 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 ifoend sampled his experiment illustaites the mechanism for
pitting development and crack propagation through stainless steel and emphasizes the effect of
material composition to CISCC susceptibiliyhi s paper dasutsofdtth er édpOor t t

30%RH orthe6 0 a tRH 2xpe¥tmentso evaluate the effects of RH ateiperature

504 hrs 1008 hrs

[ 2016 hrs
“‘T

1512 hrs

'Nw' 'znum' r‘Mum
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675 3
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670 -
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Figure 19. Pits Development and Cracks in 304L Welded Sampl82]

2.2 Material Composition andSusceptibility to CISCC

Numerous researchers studied the effect of masersaleptibility and heaensitization on CISCC.
For instance,te NRC experimentalresuls [16] clearly show increased susceptibility of 304

samples oveB16L sampledor bothwelded and unweldecbnfigurationsas shown irFigure20
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andFigure21 (number of cracked saples/total samples are in parenthegisjeast one804single
U-bendsamplecracked after 4 antb weeks oéxposureas shown irrigure20, while nocracking
was observed under the same experimental conditions and temperatures on thel&igl. U
samples as shown iigure21. After 32 weeks of exposure, three welded&hd samples cracked
while only two 316L cracked under the same conditidhg rumber of cracked samplessthe

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

increaed exposure duration.

Open - No Cracking A - Single U-Bend
304 Solid — Cracking O - Double U-Bend
QO — Welded U-Bend
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o A A A A
= 85 O O O O
et o o o) O
(1/3) A (1/3) A (3/3) (3r3) A
43 | (13 . (3/3) ZSOC;%  (3/3) (3/3)
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I ] || 1
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Figure 20. NRC CISCC Susceptibility Map for 304 Stainless StedlL6]

Figure 21 shows the susceptibility afelded and unwelde@816L U-bend sampledgnore the
double Ubenddepictedn rectangles atheseare not discussed from this paper.

28



316L

120 -

85 -

Temperature (°C)

43 -

Open — No Cracking
Solid - Cracking

A - Single U-Bend
O - Double U-Bend
O - Welded U-Bend

A A A A
O O O O
O No SCC O o O
A BT A A A
O O (] (|
O O O O
A A A (3/3) 33 A
O a M (3/3) sce 33/
O O @ (2/3) zone 33) @
] L] ] 1
4 16 32 52

Exposure Time (Weeks)

Figure 21. NRC CISCC Susceptibility Map for 316L Stainless Stedl16]

Table3 from the C 0 o lexparimeni31] shows increased cracking frequency of 304bend

samples over 316L Bend samplefor deposition regimes 2 and(®dw salt deposition density

regimes) The cracking frequency of 304L and Bl€amples were the same for deposition regime

1 (high salt regime)Cook reported-34 ug/nt salt deposition densities for regig and3 and

360ug/n? for regime 3 indicating potentialrelationship between material susceptibility and salt

deposition density.

2.3 Heat SensitizationEffect on CISCC

Heat sensitizatiorfrom welding or heat treatmerit a s

been proven

t

microstructure due to the depletiohchromium[21]. However,the increasedusceptibilityof

sensitized samples BISCCfrom published literature discussed in this Chaptarenot been

29

(0]

we a



consistentThe NRC experimental resultd 6] discussed earlier shotvat U-bends cracked after

4 and 16 weeks of exposure while weldeddhds dichotunder the same experimental ddions.
Furthermore, the results from the experiment performed by M8k indicate that welded
samples were less susceptible to cracking whampared toheat sensitized andsreceived
samplesvhentested under the same conditioR&fer toFigure 14 from the Mintzexperiment
which shows thatno cracking was observexh the welded samples after one month of exposure
at 35 and 4 5depdsitordertsity whilelctackihgwas observed on thesazived
and heat sensitizesamples Furthermore heat sensitizedamples were more susceptible than
weldedand asreceived samples whdastedunder the same conditioriBhe cracking frequency

of heatsensitized samples wasostly higherthan asreceived samplefor all temperatures and

testing durationfrom the Mintzexperiment

2.4 Temperature Effect on CISCC

CISCC dependence on temperature also has not been consistent frgubtished literature
discussed in this Chapt@ihe NRCexperimentafesultsin Figure20[16] show thatracking was
only evident a3 , and no cracking wasbservedn any of the sampddestedat temperatures
bel ow 25 430.rKosakh experimerdl results[4] show that cracking wasitiatedin

just under 30 days usingnaccel er ated experi ment Zakarigdtsh NaC
experimental restd [27] show no evidence of craclg on allof thesamples testefdr 42 daysat

28 senedakalt concentrations in agreemievith the NRC finding. However, Zakaridound
thatcracks developed faster as temperatucesasd, crackingat70  and ®  occurredn just
28daysor less contrary to the NRC findingéere nacrackswereobservedittemperatureabove

43 . Mintz6 xperimental result§30] show that cracking was observed after 1 month of
exposure at 3 Bxperimetdireswits in Agure 14 zlearly show that cracking
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susceptibilityincreass as temperature increas@ndtemperature effeds more prevalentwith

increaseaxposure duratian

2.5 Relative Humidity Effect on CISCC

Several research pape&saminedhe RHthreshold necessary to increase susceptibility to CISCC

For instance, Mint{30] established a threshold RH for cracking to initistkich is a function of
exposuretemperatureand salt deposition dsity. Mintz concluded thatrack initiation was
observedt 60°Cand25% RH and no cracking or pittinggereobserved below thiBH threshold.
ThethresholdRH was determined 35% or highier the samples held at 80°C as showfigure

16. The NRC[16] allowed the relative humidity to vary from 25% t&% based on the
experimentodos temperatur e. The NRC stated that
experimental work to determine the optimal RH appropriate for salt deliquescence. TrasBRC
claimedthatheated samples to 85°C and above only reached 18% RH which is below the threshold

for sodium chloride salt to deliquescenddne NRC concluded thatigher temperatures (80

120 ) deceleratsCC due tdhe decreased RH in the aurrounding the sample$he

NRC alsoreported75% RH on the samplesnaintained at 43°C which is appropriate for sodium

chloride salt to deliquescence and promote SPp[26] also reportedhe risk of SCC increases

at a threshold RH known aidel i quescence ZawplaBda damed tHabemi di t y
deliguescence RH is a function of the8adt ¢ h emmpostianhndnottheamountof deposited

salt.

2.6 Literatu re Review Conclusions

Literature discussedn this Chaptershows that each CISCC experimentutilized a different

methodologyexperimentaketup,andparametersvariations in the experimental procedures and
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designs in published literature make #tedy to study comparisorschallengng task.CISCC
experiments aralsosensitive to changes theexperimentaparameterand exposure conditions

such asvariations inthe concentratioa and typeof simulated alts, RH, temperaturematerial
composition and sample preparation metsoHowever trends from previous literature clearly
showthat increasedsalt concentration coupled with susceptiblematerial accelerate@ISCC.
Additionally, datafrom previous literatures well established on the existence afediquescence
thresholdRHt o f orm a corrosi ve s al.tDatabon heneffeckmin t he
exposurgemperaturgheat sensitizatigrand material compositidrom the experiments discussed

in this Chaptewere highly scattered and not conclusive

Although previous studies provided valuable insights into the CIhomenonit did not

provide conclusive data to establish thresholds for the factors leading to Gd8@Gpecific
material grade. In part this is due to the differences in the experimental approach and the variability
of the factors across all experiments discussed itCtiapter Therefore, there is a need to perform
CISCC experiments using a staralprocedure to control parameters and eliminate variability and
sources of erroas practically as possibl&ollowing a standard procedure, such as the ASTM
B117, provides a uniform approach that can be reproduced for future extended testing to develop
Aitme to failured models and accurately esti ma
using a standardized procedure is the ability to attribute acceleration in CISCC or crack
propagation to a particular paramet@uality assurance&ontrok and expamental procedures
following recognized industry standards were utilized and emphasizad 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 schematioof the accelerated CISCExperimental setus shown inFigure22. The
main componentsare the corrosion chambecompressed air supplgir dryer,Type IV water
filtration system, andhe exhaust outlet. The experimahsetupreliesprimarily onthe corrosion
chambethat isdepictedby theyellow box.Compressed air passes throughratustrialair dryer
and is directlyconnected tohe corrosion chamber as depictethablue linesA dedicated ater
filtration system was installed at the lab to produce Typeéter(redlines). The green exhaust
line is a direct connection from the corrosion chamber to the atmosphere to erbhgusy ind

to ventthe chamber for data collection.

Air Dryer Compressed Air Lines

{ DI Water Lines
[ W m— Exhaust Lines

Air Compressor

Location : . - .(j\ — ___L_l S —— —
B Water Filtration - ' " | I
- System N
' / Type IV Water ‘
] Ly | Tank :—
Pces = I
] T r * | * = = —

Figure 22. Experimental Setupand Equipment Locations
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3.2 Corrosion Fogging Chamber

The corrosion chambefSingleton Model SCCH22houses the stainless steel samples and
provides the necessaisimulated corrosive conditionsThe Singleton SCCH22 chamber is
designed, built, and calibrated in accordance with the ASTM B®8l1standard (Standard Practice
for Operating Salt Spray (Fog) Aaratus)[33]. Calibrationand conformitycertificatesfor the

SCCH22chamberare included in Appendix A.

The main components of thchamberare the salt solutiotank,levelmatic tank, humidifying

tower tank, sample racks, and the control system as shokigure23. The chamber 6s
di mensions are 480 x 300 x°TReSSCCHR2 chambex minsaatnt er n .
constant RH of 100% whiotannotbe varied during the experiment. The control system displays

the exposure zone, dry bulb, and wet bulb temperatures with thg tbvary the exposure zone
temperature between ambient and 50C°. The salt is mixed manually arshittaesmcentration

can be adjusted per the experimentds requirem

The chamber features a water jacket design with Polypropylene covers, the ekateefsures a
tight seal around the covers during operation and to préegging leakage. Additionally, the
chamber has a data logging capability through PLC communication and control software for

monitoring theexperimentonditionsremotely
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e Fogging Tower

Control Panel

Humidifier Sample Racks *

Salt Solution Tank

Figure 23. Singleton SCCH22 Corrosion Chambe{34]

Refer toFigure24 andFigure25 for a detailedview ofc h a m bcempdnent$34] thatcouldbe

referenced in thi€hapter

. LEVEL-MATIC RESERVOIR .
10 gal. cap. - FLEVEL-MATIC SOLUTION VALVE

SAFETY FILL PLUG

SAFETY RELIEF VALVE

/‘ VENT VALVE

OPTI-FOG ASSEMBLY
EXHAUST OUTLET

t— LEVEL-MATIC PRESSURE GAUGE

| — LEVEL-MATIC SOLUTION VALVE
|~ LEVEL-MATIC STAND
H " SALT SOLUTION RESERVOIR, 24 gal. cap.

BUBBLE TOWER PRESSURE GAUGE

WATER JACKET V. 4 - SAFETY ‘RELIEF VALVE
ATOMIZER ) : AIR FLOW METER

LEVEL-MATIC CONTROL VALVE

ﬁ" //‘éi— SALT SOLUTION VALVE

D\ — & HUMIDIFIED AIR LINE
I . L — BUBBLE TOWER ASSEMBLY

AN

DRAIN OUTLET |~ MICRO AERATOR
Jk\ - SALT SOLUTION LINE
ER JACKET . 5}\ ¥ BALT SOLU LIN
SIGHY GAUGE [~ BUBBLE TOWER HEATER
/ AIR SUPPLY VALVE & CHECK VALVE
OPTI-FOG RESERVOIR

COURSE REGULATOR PRECISION RE

set at 40 psig et iintol AIR PURGE VALVE & LINE
= CABINET HEATER

SUPPLY AIR FILTER SEPARATOR t

60 to 150 psig ¥read pressure on Bubble Tower Pressure Gauge}

Figure 24. Drawing of Singleton SCCH22 Corrosion Chamber (Manual)
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Water Jacket T
(All around)

Sample Racks

Fogging Tower

Temperature

Level Matic
#4_____
/ Tank

Collection

Funnel

Control Panel Salt Solution

Tank

Humidifying
Tower Tank

Rust Inhibitor

Indicator

Compressed

Air Supply

Figure 25. Corrosion Chamber SCCH22Major Components

3.3Compressed 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 charfigr Compressed air passes through an oil

and water separator first and then air dryer to remove humidity befor@ingabe corrosion
chamber. At the corrosion chamber, compressed air passes through aofitter and the
regulator assembly shown ligure26. 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 atomiaedprevens oil and dirt collectios which maycause

clogging of t he antabectifoggengrats f i ne ori fices
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Chamber Air Precision Air
Filter Regulator
Coarse Air
Regulator

Figure 26. Filter -Regulator Assemblyfor Compressed AirSupply

3.4 Water Filtration System

Type IV waterwaspurified at the lab through a Culligan LC Series filtration system instadled
the laboratory36]. The filtration system comes with a-§allon tank and maintains Type IV water
supplyt hat meets the requirements of ASTM D1193 v

O1 . q en[37]. Type IV watetwasalso used to prepare the 5% salt solution.

3.5U-bend Samples

The samples used in thexperimeral work were U-bend and welded tbend made from 304

and 304L austenitic stainless steelbéhd 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 ashown orFigure27[28]. Welded Ubend samples wefabricatedn acordance

with the ASTM G58 standard requirements and made &eelded flat stainless steel strip and

then shaped as shownkigure28[29]. Note thatweldsat the tip of the welded dend samples

werepolished and may not be visiblettee naked eye
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Figure 27. U-bend Sample Configuration[28]

L~

Figure 28 Welded U-bend Sample Configuration[29]
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Table5 showsthe dimensionand finishof theU-bendsamples.

Table 5. Dimensionsof 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 -Oend samplefrom the ASTM G30 standard are shownHigure 29.
These methods introduce applied stiass the samples through a single stage stressing method
For this experimenthe appliedstresswas considered constant across all sampled was nb
measured or quantifiedA discussion orpotential variations inthe applied stresamong the

samples is included i@hapter4.

; 1 () ( ) (1) e (1)

MANUAL ELASTIC
BENDING TO FIT

. R -
@ @(23 W//(Z) 7z N\ o

N Ayi;% . @”ﬁ'@
() //>7£//// ©) ﬂ| HJ U?m

(5)

%(F- I %O—

-
s

(@) (b) (©
Figure 29. U-bend Sample Stressing per ASTM G30 Standarf28]
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Figure30 shows a picture of the actual sampleschHEsample is stamped with the material grade
(304 or 304L), samplelentificationn u mber , and the designation A WCcC

or 304LW).

-~

Figure 30. U-bend Sample Picture

A total of 78 Ubend and welded end samples made frastainless ste€d04 and 304lgrades
were used in this experimental wo@hemical composition and mechanical testing certificates
the Ubend sampleare included in Appendi®. Below is the breakavn of the 78 Wbend samples

used in this experiment
1 24-304 Ubend (stamped with 304 & serial number)
1 18-304 Welded kbends (stamped with 304W & serial number)
1 18- 304L U-bend Sampletstamped with 304L & serial number)

1 18- 304LWelded Ubend (stanped with 304LW & serial number)
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3.6 Experimental Preparations

This section details the steps required to preffaa&CCH22 chamber for experimentation in

accordance with the chamber 6 s-19ctpndardadquiremersts. ma n u

The First gep in preparing the chamber for experimentation is mixing the 5% by weight salt
solution.Salt solution is prepared manually mixing 20.74 Ibs of Morton Culinox 999 s§B8]

with 50 gallons offype IV water. Culinox salt has 99.99% sodium chloride as shown on the salt
certificates provided in Append@. The 5% salt solution is then poured into the salt solttiok
shown inFigure25. One full saltsolutiontank (50 gallons)asts forapproximatelythree weeks of
continuous operatiomote that the saioluion tank is connected to a small reservakd, Opti-

fog reservoir) at the bottom of the fogging tower at the center of the chahhigevalve between

the salt solution tank and the Ofitg reservoiremains open during the experiment to maintain a

congant supply of salt solution.

The second step is fillinthe levelmatic and humidifying tower tanks with Type Water. The
humidifying towertankmust be maintained awo-thirdsfull to ensurea constansupply of humid
hotfoggingto the chambeihe levelmatic tanksuppliesType IV water to the humidifying tower
tank and automatically maintains it at the appropriate level otitwwds full. One full levelmatic
tank lasts fompproximatelyone week of continuous operation. Thebite cart shown irfrigure

25 next to the corrosion chamber holusththelevelmatic and the saKolutiontanks

The third step is ensuring thaetfogging 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 funn@sllectors)in the appropriate locatiores
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shown inFigure31. The collection funnels are used to measure collectiosiregiele the chamber

at two opposite locations. Threquiredcollection ratgpertheASTM B117standaranust be within

1-2 mi/hour. The chamber was calibrated by the factory for this rsmghown on thealibration

certificatesprovidedin Appendix A. Higher or lower than normedllectiors can be corrected by

adjusting the atomizer os

adjusting the fogging towe

réos position

Collectors —Imin 10 cmi~—
\
Min. of 10 cm O
Min. of 20 cm

Atomize
Tower

—O
—]

«—— Min. of 20 cm

/

L

-/

Fog Chamber

Figure 31. Collection Tube Locationsin the Corrosion Chamber [33]

t

The fifth stepis placingthe samples on the angled racks inside the chaasbshown irFigure

32, the sample racks ardesignedangled at 30° per the requirements of A®TM B11719

0]

t

standardThe 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 experimerdl campaignsvereperformed for this thesiFable6 showsthetestconditionsof
eachcampaign Each sample was weighed to the nearest tenth of a milligram before starting the
experimentweights are included in Appendix Experimenal campagn 1 was performed & 5

as mandated by the ASTBL17-19 standardndexperimenél campaigr2 was performeadt 50

In bothcampaignsthe same set of samples were utilized to compare the results and characterize

susceptibility to CISCC.

Table 6. Experimental Campaigns andTest Conditions

Parameter Experimental Campaignl | Experimental Campaign 2
Relative Humidity 100% 100%
ExposureZoneTemperature| 35°C 50°C

Salt Concentration 5% by weight 5% by weight
TestingDuration 4, 8, 12weeks 4, 8, X4 weeks

4x 304 4x 304

3x 304Welded 3x 304Welded
3x 304L 3x 304L

3x 304L Welded 3x 304L Welded

Number of U-bend Sample;
per testing duration(total of
39 for each experiment)
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Refer toFigure 33 and Figure 34 for experimenal campaignsl and 2 diagrans, respectively.

Sampldocaions weredetermined randomly, the stamped sample number is placed in parentheses

next to the sample type.

304 (#07)
304L (#01)
304W (#21)
304LW (#03) A
304L (#09)

304LW (#09) A

304W (#27)
304 (#15)

304LW (#05)
304 (#11)

304 (#12)
304L (#04)
304W (#24)
304LW (#04)
304 (#16)
304W (#28)

304L (#08)
3041W (#02)
304L (#02)
304 (#08)

304W (#22) f
304 (#13)
304LW (#06) A
304L (#07)

304LW (#08) A
304 (#17) ?

304W (#25) O
304L (#05)
304 (#09)

304 (#10)
304L (#03)
304W (#26)
304 (#18)
304LW (#07)

304W (#29) O

304L (#06)
304 (#14)
304LW (#01)
304W (#23)

@ 304 U-bend

) 304L U-bend

© 304 welded U-bend
A 304L Welded U-bend

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

® 304 U-bend

& 304L U-bend

© 304 Welded U-bend
A 304L Welded U-bend

304 (#19) 304 (#24) 304W (#31) f 304 (#22)
304L (#10) 3041 (#13) 304 (#25) 304L (#12)
304W (#30) 304W (#33) 3041W (#15) A& 304W (#35)
3041W (#12) A 304LW (#13) 304L (#16) 304 (#30)
304L (#18) 304 (#28) 304LW (#16)
304W (#37)
304w (#18) & 304LW (#17) A 304W (#38) O
304W (#36) 304L (#17) 304 (#29) ? 304L (#15)
304 (#27) 3041w (#11) 304W (#34) O 304 (#26)
304LW (#14) 3041 (#11) 3041 (#14) 304LW (#10)
304 (#23) 304 (#20) 304 (#21) 304W (#32)
Figure 34. Experimental Campaign 2 Diagram (50°C) i U-bend Sample Positions
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Note the sampleacks are made from plastic material thatdosi® or r ode or i mpact t

corrosion ratel-igure35showsafully loaded chamber witB9 samples readfpr experimentation

Collection Funnel

Figure 35. Experimental Setup and Samplé Blacementin Corrosion Chamber

3.8 Operational Procedure

The levelmatic tank supplies Type IV water to the humidifying tower during operation, the
humidifying tower heats incoming waténen bubbles are generated through a micro aerator
located at the bottom of the tower (compressed air is required for this operation). Hexdsws

(fogging) pass through the salt solution in the @pdi reservoir to the atomizerhich islocated

directly above the Optfog reservoir andthen the salty fogging ishanneled into the chamber

through the fogging toweCollected salt solution at the bottom of the chamber drains directly to

the main drainagénesin the lab through drain outlet The chamberuns continuously at the
preset exposur e t empe lisananualleshut Gwn by the experdm@edt unt |
operatorto either collect data aemovea set olsampledor characterizatioafter4, 8, 12, or 14

weeks). RefeFigure36 shows the corrosion chamber in operation, notice the clouded chamber

through the top cover.
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Figure 36. SCCH22 Corrosion Chamber inOperation

Regular @ta collections mandated by the ASTR-117 standardo ensurghatthe experimerat
conditionsare within the required parameterst is required thaho more thar®6 hourswould
elapsebetween data collections kg as the experiment isinning The foging chambemwas
turned offevery40-60 hours typicallyor data collectionThe followingrequireddata points were

collectedeach time the chamber was turnedvafiich took 1.5 hourson average
1 Accumulation ratef each collectioriube
1 Temperature of each collection tube
1 pH level of each collection tube
1 Exposure zone temperature

1 Dry and wet bulb temperatures
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Table7 shows thdower and upper limits of the experimental paramedsspecifiedn the ASTM
B117 standardDeviations from these limits during the experimental wanduld be corrected

immediatey to bring the parametersvithin therequiredrange

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

Data Lower Limit Upper Limit
Accumulation ratef collection tubesrfiL/hr.) 1.00 2.00
Temperature of accumulatedlution, T( ) 20.0 26.0
pH level ofaccumulated solution at T 6.5 7.2
Exposure zone temperatyre ) 350r 50
Relative Humidity(%) 95-100

Table 8 showsan exampleof the data collected every €0 hours throughout the experimaint
work. The complete set of datallectedduringexperimenal campaignd and 2 including sample

weights béore and after exposure areluded in AppendiD.
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Table 8. Example Data Collected During Experimental Campaign 1 (4 Weeks)

Data Collection

Date Stop Time Tim?hErI:.?sed F{E:;:rrltn}tle;te TEETS Collection (mL) CO”F&?&T;QE Temperature (C) pH Specific Gravity Temc;:r?tt;i ® H:::ipigi:ti 'rl':\;:ler
Tube 1 Tube 2 Tube 1 Tube 2 Tube 1 Tube 2 Tube 1 Tube 2 Tube 1 Tube 2 Dry Bulb | Wet Bulb
11/14/2021 10:30 PM 72.00 11:30 PM 4 Overflow 94 Overflow 1.305 24.7 25.0 6.95 6.591 1.030-1.035 1.035 95.2 95.4 115.5
11/16/2021 4:40 PM 41.17 6:40 PM 4 93 65 2,259 1.575 24.0 22.7 6.97 6.95 1.035-1.040 | 1.035 - 1.040 95.7 595.9 118.9
11/18/2021 3:10PM 44,50 4:40 PM 3 51 71 1.146 1.596 24.5 23.9 6.98 7.02 1.035-1.040 - 95.9 96.1 119.0
11/20/2021 12:10 PM 43.50 2:00 PM 4 89 67 2.046 1.540 22.9 23.0 6.90 6.92 1.035-1.040 | 1.035- 1.040 95.0 95.0 115.3
11/22/2021 10:00 AM 44,00 11:30 AM 3 51 69 1.159 1.568 22.7 231 6.98 6.55 1.035-1.040 - 95.5 95.7 117.0
11/24/2021 8:30 PM 57.00 10:00 PM 4 53 72 0.930 1.263 23.0 23.5 6.85 6.94 1.035-1.040 | 1.035- 1.040 95.0 95.0 118.0
11/26/2021 1:00 PM 359.00 2:30 PM 3 55 71 1.410 1.821 23.5 23.0 6.95 6.56 1.035-1.040 | 1.035- 1.040 95.4 95.7 118.4
11/28/2021 5:30 PM 51.00 7:00 PM 3 59 43 1.157 0.831 25.8 24.4 7.03 7.04 1.040 1.040 95.2 95.7 118.8
11/30/2021 2:30 PM 43.50 4:00 PM 4 108 58 2,483 1.333 23.2 22.7 7.00 6.93 1.035-1.040 - 94.6 94.6 117.0
12/2/2021 2:30 PM 46.50 3:45PM 4 20 50 1.720 1.075 24.7 23.9 6.94 6.98 1.040 - 95.7 96.1 115.1
12/4/2021 10:00 AM 42,25 11:15 AM 3 64 40 0.547 1.515 24.5 23.4 6.98 7.00 1.035-1.040 | 1.035- 1.040 94.8 94.8 118.2
12/6/2021 10:30 AM 47.25 12:00 PM 3 71 59 1.503 1.249 25.0 24.3 7.04 7.06 1.035 1.035 95.9 96.1 118.6
12/8/2021 3:30 PM 52.50 4:50 PM 4 82 66 1.652 1.257 23.7 23.4 6.76 6.79 1.035-1.040 1.035 88.0 87.3 120.2
12/10/2021 12:30 AM 43.67 N/A 4 65 73 1.489 1.672 23.2 22.5 6.83 6.82 1.035 1.040 95.5 95.9 118.0
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3.9 Quality Control Data Collection

Prior to the starof experimenal campaigis 1 and 2 atrial set of six 304 ktbend samples were
tesedat 35°Cfor 3 weekgo adjust theparameters within the desiréahits. The trial experiment
confirmed the functionality of the chamber, and the limits of all essential variables such as,
exposure temperature, RH, and salt concentraliba.following data pointsvere collected for

quality assuranc®r all experimentsalthowghthese ar@ot essential to the experiment:

1 Purity of the Type IV water, this was measured using a TDS meter to measure the total
dissolvedsolids(TDS) in ppm TDS measuremestwere collected tensure thatte water
filtration system is working asxpected and the total dissolved solids are within range for
Type IV water(<5 ppm) TDS periodicmeasurementduring the experimental workre

included in AppendiD.

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

Appendix D.
1 Availablesaltsolutionvs. solution consumed
1 Availablelevelmatic Type IVwatervs. water consumed

1 Humidifying tower and leveinatic tankgpressures to ensure the compressed air pressure

is maintained within the requirgenge of 1215 PSI

Additionally, theType IV water tank was recycled®times a week foonehoureachtime during
the experimental worko prevent sa#tsettlingat the lttom of the tankvhich could affect the
chemistry of Type IMwater Quality datawas checked after eaahstance ofdata collection to

ensureghe chamber and th&ype IV waterfiltration systemarefunctioningas expected.
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3.10Post Experiment Procedure

Fourweeks after thetart of eaclexperimerdl campaignone third of the samples (four 304, three
304L, three 304W, and three 304LW) were removed fronsliaenber This processiasrepeated
eight and twelve weeks after the staregberimenalcampaignl.  ( 3 5 8)and ddwebeks after
the start oexperimenal campaigr2 (5. Bach)experimeial campaigwasconcluded with the
removal of the final batch of sampld$e diagram irfFigure37 shows the samplesmoved after

4 weeks of testing t  3tlecomplete set ofliagramsof removed samples after eagkposure

durationin bothexperimenal campaignsareincluded in AppendiE.

! ‘ ‘ @ 304 U-bend
304 (#07) ¢ 304 (#12) 304w (#22) Cbl 304 (#10) * ® 304L U-bend
304L (#01) & 304L (04) 304 (#13) 304L (403) & O 304 Welded U-bend
204w (#21) ¢ 304W (#24) 304LW (%06) 304W (#26) A 304L Welded U-bend
304LW (503) 4 304LW (#04) 304L (#07) 304 (#18)
3041 (#09) & 304 (#16) 304LW (#07)
304W (¥28)
Samples
removed on
. 10/07/21 are
boxed in red
304LW (#09) 304LW (#08) 304w (#29)
304W (#27) 304L (#08) & 304 (#17) 304L (#06)
304 (#15) 304LW (#02) A 304W (#25) 304 (¥14)
304LW (#05) 304L (#02) 6 304L (#05) 3041w (501) A
304 (#11) 304 (#08) @ [ 304 (200) @] 304w (#23) O
| \ |

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

Table9 andTable10 showthecomplete set cdamples removedftereachexposureduration for

experimental campaigns 1 andr@spectivelysample number in parentheses)
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Table 9. U-bend Samples Removedh Experimental Campaignl( 35 )

Exposure Duration U-bend Samples Removed
ggj ggg 304L (#01) | 304W (#21) 304LW (#01)
4 weeks 304 (#09) 304L (#02) 304W (#22) 304LW (#02)
304 (#10) | 304L(#03) | 304W (#23) | 304LW (#03)
283 ((ﬁg 304L (#G4) | 304W (24 304LW (#04)
8 weeks 304 (43 | S04L(#®) | 304W (25 | 304LW (#G)
304 (#.4) 304L (#®B) | 304W (#26) 304LW (#0B)
ggj Eﬁig; 304L (#07) | 304W (#27) 304LW (#07)
12 weeks 304 (#17) 304L (#08) 304W (#28) 304LW (#08)
304 (#18) | SOAL(#09) | 304W(#29) | 304LW (#09)

Table 10. U-bend Samples Removedh Experimental Campaign2( 50 )

Exposure Duration U-bend Samples Removed
ggj %g; 304L (#10) 304W (#30) 304LW (#10)
4 weeks Soapn | S04 (D | 30MW(:3) | 304W (1]
304 (#22) 304L (#12) 304W (#32) 304LW (#12)
ggj Egj; 304L (#13) 304W (#33) 304LW (#13)
8 weeks 304 (125) 304L (#14) 304W (#34) 304LW (#14)
304 (#26) 304L (#195) 304W (#35) 304LW (#15)
ggj gg 304L (#16) 304W (#36) 304LW (#16)
14 weeks 304 (129) 304L (#17) 304W (#37) 304LW (#17)
304 (180) 304L (#18) 304W (#38) 304LW (#18)

At the end of eachxposuraluration, the 13amoved samplesere then washed in Type IV water,
dried with compressed air, photographed, weighreshected visually for any signs of cracking,
and stored in aitight containerpending microscopic analysis acltaracterizatiorSamples were
weighedbefore and afteexposure to quantify weight loss whidould bean indication of

corrosion rate or cracking potentiali/eightsof all samplelisted inTable9 andTable10 before
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and after exposurareincluded in Appendix DFigure38 showsa samplephotograptbefore and
after exposurat 5 0 for 14 weeks. Not i c e@n theBampldpasta vy si

exposuran the corrosion chambar comparison withhe cleansample

-\
o

Figure 38. U-bend SampleBefore and After Exposureto 50 for 14 Weeks

Chapter 4 discussebe material characterization methogstting and crackingesults and the
analysis of resultsAdditionally, theeffects of temperature, heat sensitizatigvelding), material

composition andexposure duration on CISCLe discussed in Chapter 4.
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4. Chapter 4: Characterization Resultsand Analysis

This Chaptedetailsthe sample characterization techniques usexxaminethe U-bend samples

after exposure to the accelerated corrosive condjttbesesults, and the analysis of results

At the end ofexperimenal campaignsl and 2 and after washing and drying the gdes,an
Olympus BH2 optical microscopwas used to scan all samples for signs of pitting and corrosion.
The OlympusMicroscope didhotreveal cracking or pitting due to limitatisan the magnification

levd, but it was used to selesampleghat showedheavy signs of corrosidior further analysis.

Seleced U-bendsampleswith heavy signs of corrosiowere scanned with Elicro Computed
Tomography CT) scanneat theFederalJniversity ofRio De Janeiro in Brazibr crackdetection
The scannemodelused is SKYSCAN 1273his scanner featurescambination otigh energy
X-ray source running at higher poweith a large format flapanel detectowhich provides
excellent image quality in second$ie SKYSCAN 1273 is capable of testing samplesoup00
mm length, 300 mm diameter, and a maximum weight of 20Rkejer to Table 11 for the

SKYSCAN 1273specifications ané&igure39 for a pictureof themachineused

Table 11. Specificationsof SKYSCAN 1273

Feature Specification

40-130 kV
39 W

Active pixel CMOS flatpanel,
6 MP (3072 x 1944)

250 mm diameter
250 mm height

Power supply 100240 VAC, 5060 Hz, 3 A max

X-ray source

X-ray detector

Object size
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SKYSCAN 1273

Figure 39. SKYSCAN 1273 at LIN (Nuclear Instrumentation Laboratory)

The MicroCT characterizatioprovided scans at small angular increments generating 360° scans
of the entire Wbend sample. Additionallythe samples were characteriza#dsmall increments
along thecrosssectionstarting from the tip of the arch region through the entire length of the
sample Refer toFigure40 for a schematic of the scanning pedureused.SKYSCAN 1273is
capable ofdetecing crackslarger than j@m, butit did not revealany cracking or pitting othe
twelve (12) scannedJ-bendsamples from botlexperimenal campaignd and 2 If cracking is
present, it could potentiallpe smaller than m. Refer toFigure 41 for a sampleMicroCT

rotational and crossectional scansdditionalsampleMicroCT scansare included Appendik.
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Cross-sections

360°

Figure 40. Scanning Procedurewith SKYSCAN 1273

U U u i
i I Il I

Figure 41. ExampleMicroCT Scans(SKYSCAN 1273

The nexttool selectedor pitting and crack characterizatigma 3D Surface Profiler Model VK
X3000thatis shown inFigure42. This scanner wassedto characterizae selectedet of samples
with theheaviessignsof corrosionbased on the Olympus Microscope observations
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Color CMOS camera X-Y scanning optical system Half mirrar

Short-wavelength laser
light source

Condensing lens

Half mirror Pinhole

Light-receiving element
{photomuitiplier)

Half mirror
White light source

Objective lens 4‘

Observation targgt ————————— oY

Figure 42. Keyence VK-X30003D Surface Profiler

The 3DSurface Profiler providea magnificationlevel of up tox28,800 with norcontact surface
scanning and automatic focusinhe 3D Surface Profiler provides high qualibptical
micrograpts along with a surfaceprofile report in one stepThe U-bend sampleselectedfor
profile characterization are listed frable12. None ofthe samplesestedfor 4 weeks from either
experimental campaigwereanalyzed with the 33urfaceProfiler because of the lower lelof

corrosion observed with the optical microscopely the sampletestedfor eight @ more weeks
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Table 12. SelectedU-bendsfor 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 Campaign2( 50 )
8 weeks 304 (#26) 304L (#14) 304W (#3) 304LW (#13)
14 weeks 304 (#28) 304L (#17) 304W (#38) 304LW (#16)

4.1 3D SurfaceProfiler Results

Surface profiles were generataualy atthe arch regionf the U-bend sampleas depicteth Figure
43. The appliedénsilestressatthe archregionis the highesand itis themost likelylocationto
show signs opitting andcracking Approximately, thesame region was scanned onsiteen
(16) U-bend samples testablishsurface profiledor a qualitative microscopiccharacterization

andquantitativestatisticalanalysisfor comparisons among the samples

Figure 43. Characterization Regionwith 3D Surface Profile
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On average, 10 surface profiles were generatecedohU-bend sampldisted in Table 12.
Additionally, two referencesamplesmade from304 and 304W thatad never beerexposed to
corrosive conditiongvere scannedeachsurfaceprofile represents an arapproximately3800-400
un?. ReferencdJ-bend samplewere fabricatedo the sametandardas thesamples used in the
experimentalork andweresupplied by the same manufacturBnereforethereferencesamples
were usedor comparisonsvith the corroded samplet® determine what is considerasghormal

surface defecind whais considereébnormal such as pitting or cracking

For eachscannedsurface,a micrographwith the associatedurface profilereportwas savedfor
furthervisual analysisFigure44 shows a micrograplof thereference 304 sampéndFigure45

shows a micrographof the 304samplee x pos ed t o 5 PObothat56xrmagnidicatiore e k s

Figure 44. Optical Micrograph at the Arch of Reference304 U-bend Sample
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Figure 45. Optical Micrograph at the Arch of 304 50 _14WeeksU-bend Sample

Figure46 shows an exampleurface profilecharacterizationaport The report showthe optical
micrographon theleft and thesurfaceheight profileon the right The heigh profile shows the
peaks ad valleys(depth)to a reference plane relative to the sample itself, plane correction was
done automatically in the 3D Surface ProfilBeside therofile report, additionaiicrographsat

various magnification levelanging from 10x to 50were savedor each Ubendto qualitatively
characterizepitting andcracking.The height color bar on the far right of the report shows the
height color gradientf the scannedurface andists the maximum peai s h e iagdthe ( +)
maximum valley depth €). The maximum valley data of all scanned surfaces were used to
guantitativelycharacterize pittingndcracking Additional optical micrographs arglrface profile

reportsare included in Appendix G.
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Main image 3D image

Height color

4.105um
3

2
208.461um 1 Wt
0

278.039

Profile Measurement result

No. |Measureﬁ19nﬁ name ‘Méashr‘e‘d‘vaiu‘e ]U‘mt‘

140.000

Measured date @ 7/21/2022 4:04:56 PM
Objective Lens Power : 50X

Figure 46. Example 3D Surface Profiler Report

4.2 Qualitative Cracking and Pitting Results

Surface profiles andhicrographswere examined and compared witle referencesamplesto
gualitatively characterizgitting andcrackng. This is a qualitativecomparativeanalysis and
thereforea procedure was establishedi&ierminethe criteria of normal surface defebttssed on
observationg$rom the referencsurface profilegclean samplesBelow are the bservationgrom
thereferenceopticalmicrographsnd a discussion of the approach used for crack characterization.
The firstcriterionis the direction of crack propagatiaracksareexpected to bperpendiculato
theappliedstressasdepicted irthe blue arrowsn Figure47. To distinguish the direction of cracks

on micrographs, crackaust beperpendicular to the material polishing lines
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Expected Crack Directions

Figure 47. Expected Crack Directiors, Perpendicular to Applied Stress

Optical micrographsndsurface profile®f the reference304 and 304\WWsamplesvereexamined
to establistadditionalcriteriaof normal surface featureBigure48 showsan @otical micrograph
of thereference804 U-bend sample along with theilght profileon the right Peaksare ignored
for the purposgof characterizingitting andcrackng. Noticethe dark bludines andvalleysthat
arealignedwith the materialpolishing lines(along the red arroyysind not perpendicular to the
applied stressFurthermore these lines are straight and dot branch out or wave away
perpendicular to thenaterialpolishing lines Suchlines were not labeled crackgen observed
on corroded sampleandwere considered normadurfacefeatures Refer to AppendidG for the
complete set of surface profiles collected from the reference dfhd samplalong with large

scaleopticalmicrograpts.
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Figure 48. Profile of Reference304 Sample at 50x Magnification

Additionally, the wide bluehorizontalvalleys (channelsynarked with red arrowsn theheight
profile in Figure48 were considered normal polisly lines as these were consistently observed
on the reference samplédso, horizontalpolishing linesare typicallylarger tharL.O micrometers

in width as opposed tafew micrometeravhich is the expected width of cracks.

Figure49 shavsamicrographof theweldedreference804W U-bend sample along with the height
profile. As stated earliepeaks are ignorefdr the purposeof characterizingitting andcrackng.
Similar to the previous observat®on the 304referencesample,horizontalblue lines thatare
aligned with material polishg lines and not perpendicular to the appliedhsile stressare
considered normal surface featurgdditionally, these lines are straight andrdu branch out or
wave awayperpendiculato the applied tensile stregsnother important observatipthe edges
surroundingpeals such as the ongrcledin Figure49 may havethe same appearance as cracks
on the associatedhicrographs Therefore,micrographsand the associatedeight profiles were
compared side to side to distingutbleseedgeson the heht profile appearing in dark bluigom
cracks Edge lines were labeled cracks onlgidinificant branchingrom the edgeperpendicular
the applied tensile stressobserved
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Figure 49. Profile of Reference304W Sample at 50x Magnification

Themicrographsand surface profiles ahe sixteen(16) corroded samplesere visually analyzed
and compared witthereferencesamplegliscussed earlieApproximately 6-12 profiles m each
sample wereisually analyzedor signs and patterns consistent with cracking patt&tate that
determination of whether the cracks are intergranular or transgravagaot possiblesincethe
characterized sammavere notpolished, and the grain boundaries wer 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 matesiséd on the color profile

The pected cracks aren the order of a few micrometarswidth, andthe optical lighton the

3D Surface Profilemay not be able to penetrate these cracks and thus not differentiate cracks from
the surroundingnaterial. However,subtlecolor gradierd for small crackswvere roticed onthe

height profiles and careful examination is required to detect those subtle differEalokesl3

shows thegualitativeresults ofpitting andcrackingonthe sixteer{16) corroded Ubend samples.
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Table 13. Cracking and Pitting Resultsof 16 Corroded Samples

Test , .
Duration Experimental Campaignl ( 35 )
304 (#11) 304L (#06) 304W (#26) 304LW (#06)
8 weeks Cracking Cracking Likely Cracking Cracking
Light Pitting Light Pitting HeavyPitting Heavy Pitting
304 (#16) 304L (#07) 304W (#27) 304LW (#08)
12 weeks Cracking Cracking Cracking Likely Cracking
ModeratePitting | ModeratePitting Heavy Pitting HeavyPitting
Mo Experimental Campaign2 ( 50 )
Duration P paig
304 (#26) 304L (#14) 304W (#35) 304LW (#13)
8 weeks Cracking Likely Cracking Cracking Likely Cracking
Light Pitting Light Pitting Heavy Pitting light Pitting
304 (#28) 304L (#17) 304W (#38) 304LW (#16)
14 weeks Cracking Cracking Cracking Cracking
Heavy Pitting Heavy Pitting Heavy Pitting Heavy Pitting

Figure 50 shows amicrograph of the 304 sampleexposedto 3 5

for

& 50weeks

magnification A few small cracksircled in blue appedo be develomg in the expected direction
perpendicular to the applied stressich lines were notobservedon the referencesamples
Additionally, the color profile for these linés different fromthe surrounding material indicating
adeeper surfaceMoreover the observed lines Figure50 show signs of branching as opposed
to the straighpolishing lineson the reference sampléSracks werealsoobserved orthe 304L
and 304LW samples exposed 305 f or & shevenerkigure 51 and Figure 53,
respectivelyMicrographsof the 304W sample exposed3d f or di@nowvskeow &racking

lines consistent ith the established criteria except for dné i k e | y olisenatoithatis g 0

shown inFigure52.
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Figure 50. Cracking at the Arch Regionon 304 Exposedto 3 5 for 8 Weeks

Figure 51. Cracking at the Arch Regionon 304L Exposedto 3 5 for 8 Weeks
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