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storage of waste types conducive ton ite-induced stress ¢t osion cracking. Nitrate-induced
stress corrosion cracking involved waste storage from the tri-butyl phosphate (TBP) process,
REDOX process, and in-farm nitrate aching. Some or all of the factors may be acting
individually or together to result in tank liner failure. The precise identification of the cause of
each of the 25 SSTs with probable liner failures is not possible with the available information.

The M-045-91F-TO02 target date states that recommendations such as leak detection, monitoring
or mitigation (LDMM) activities woulc ¢ provided as appropriate. There were no conclusions
from this analysis to question current LDMM activities or to recommend changes to LDMM
activities. As such, no bases for specific recommendations have been identified in the areas of
LDMM associated with the SSTs.

Observations are given in three additional areas for future application.

1. Any tank forensics effort wo e improved by providing for documentation of an entire
project from procurement, through construction, into operations, and beyond with
complete, accurate, and retrievable records. This should also include archiving
construction material specimens to aid in future investigations.

2. Undesirable factors from past design and construction activities are unchangeable in the
SSTs but should be eliminated in new construction. 1ese include reduction of residual
stresses by better design, post-weld stress relief, and proper materi  selection.

3. Transient operational factors  :can change with time including temperature, aggressive
chemical environments, or cc  tions allowing external pressurization resulting in a
bulged liner should be considered when they may affect future storage of waste in the
SSTs. For instance, waste temperatures are declining which g erally results in a lower
rate or likelihood of corrosion.

The identification of stress corrosion ¢ <ing (SCC) as a common factor is in some conflict with
historical corrosion testing. Historical tests, especially those related - SCC were limited and
lack the sensitivity of modern corrosior sting. Therefore, testing of select waste types using
modern testing methods is planned to gauge their propensity for SCC. The testing will use
simulants based on compositions provided in this document and be conducted at temperatures
representative of historical storage conditions. This testing is integrated with ongoing DST
corrosion testing. The waste types selected for testing include Uranium Recovery TBP waste,
REDOX concentrated and neutralized waste, and nitrate leaching waste.

The assessment results of tanks recommended for future SST leak assessments per the
TFC-ENG-CHEM-D-42 process could affect the results of this document. If a large number of
tanks that go through the TFC-ENG-CHEM-D-42 process are identified as having liner leaks, it
may be desirable to assess any benefit that would be derived from revisiting this failure analysis.
In the event that most tanks are foun to be considered sound, it would not make sense to revisit
the failure analysis.
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LIST OF TERMS
Terms

Assumed Leaker. The ‘Assumed Leaker’ term refers to the list of 61 single-shell tanks that are
listedin H -EP-0182, Rev. 321, Waste Tank Summary Report for Month Ending September 30,
2014. These tanks were assumed to have leak: the past or the integrity of the tanks has been
questioned based on liquid level decreases in t nk and/or increased gamma radioactivity
discovered in soil near the tanks.

Confirmed Leaker. 1e ‘Confirmed Leaker’ term refers to the list of 25 single-shell tanks that
were identified as having probable liner leaks e reports prepared via the RPP-32681, Rev
Process to Assess Tank Farm Leaks in Suppor  fRetrieval and Closure Planning process. This
term does not include tanks for which |uid level decreases in the tanks and/or gamma activity
discovered in the soil near the tanks may be att uted to sources other than a tank liner leak;
such as overfills, line breaks, surface leaks, etc.

Abbreviations and Acronyms

[AW REDOX stream 1A column waste

1C First cycle decontamination

2C Second cycle decontamination

AFAN ammonium fluoride and ammonium nitrate
AlLO3 aluminum oxide

ALC air-lift circulator

ANN aluminum nitrate nonahydrate

ASME American Society of Mechanical Engineers
ASTM American Society for Testing Materials
B&PV Boiler and Pressure Vessel

BiPO4 Bismuth Phosphate

BMZ base metal zone

BNW Battelle-Northwest waste

CAW current acid waste

CE Carbon Equivalent

Cw coating removal waste

DBTT ductile-to-brittle transition temperature

I E U.S. Department of Energy

dpa displacements per atom

DST double-shell tank

DTPA diethylenetriaminepentaacetate

I evaporator bottoms

Ecology State of Washington, Departi  t of Ecology
EDTA ethylenediaminetetraacetic a

ft/sec feet per second

FP fission product

gpm gallons per minute

HAZ heat-affected zone

xvi
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I DTA
HFFACO
HLO
F W
P 10s
ITS
ITS-1
ITS-2
kgal
LAI
LD
LIP
LW
M
MCM
MIC
mils
mil/yr
mpy
Mrad
MW
NACE
NaNO;
NaNO;
NRC
ORNL
ORP
OoOwWWwW
Panel
PAS
PAW
PNNL
PRTR
psi
psia
PSN
PSS
PTA
QI
REDOX
RSN
SCC
SCE
SI
SST
SSTIP
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hydroxyethyl ethylene« mine triacetic acid
Hanford Federal Facility Agreement and Consent Order
Hanford Laboratories waste

high level waste

nitric acid

in-tank solidification

In-Tank Solidification it 1

In-Tank Solidification it 2

kilo-gallon

liquid-air interface

liner degradation

leak identification an prevention

222-S Laboratory Waste

Molar (moles/liter)

mitigation of contaminant migration
microbiologically-induced corrosion
thousandth of an inch

mils per year

mils per year

megarad

Metal Waste

National Association of Corrosion Engineers
sodium nitrite

sodium nitrate

United States Nuclear Regulatory Commission
Oak Ridge National Laboratories

U.S. Department of Energy, Office of River Protection
organic wash waste

Single-Shell Tank Integrity Project Expert Panel
PUREX acidifie sludge

PUREX acid waste

Pacific Northwest National Laboratory
Plutonium Recycle Test Reactor
pounds-force per square inch

pounds-force per square inch absolute
PUREX supernatant

PUREX sludge supernatant

phosphotungstic acid

questionable integrity

Reduction and oxidation

REDOX supernatant

stress corrosion cracking

saturated calomel electt e

structural integrity

single-shell tank

Single-Shell Tank Integrity Project
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WI
WMZ
WRPS
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total acid demand

tri-butyl phosphate

Tri-Party Agreement

uranium trioxide

unj 1 2

weld i

weld 1

Washington River Protections Solutions, LLC
Zi :xa’1waste
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1.0 INTRODUCTION

The Hanford Federal Facility Agreement and Consent Order (Hanford Tri-Party Agreement
[TPA]) milestone M-045-6 com| e September 2010, required that the Department of
Energy (DOE), Office of River Protection (ORP) establish a panel of nationally recognized,
technical experts (Single-Shell Tank Integrity Expert Pa | or Panel) to provide a report on
single-shell tank (SST) integrity assurance review and submit to the State of Washington,

lepartment of Ecology (Ecology) a TPA change package with interim milestones as necessary
to implement the Panel’s recommendations. The milestone required that the ORP establish the
Panel:

...to review available data from retrieved single-shell tanks (SSTs) to (1) evaluate
their existing known conditions, (2) evaluate proposed future uses, (3) recommend
critical modifications and associated schedule to prevent or mitigate degradation,
and (4) recommend additional evaluations and program elements that would
improve understanding of SST integrity

The Panel issued two reports: RPP-RPT-43116, Expert Panel Report for Hanford Single-Shell
Tank Integrity, and RPP-RPT-45921, Second Expert Panel Report for Hanford Site Single-Shell
Tank Integrity Report, thus completing t  first part of milestone M-045-91 (i.e., provide a report
on single-shell tank integrity assurance for review). The recommendations were focused on four
key elements: (1) confirmation of tank structural integrity (SI); (2) assessment of the lik hood
of future tank liner degradation (LD); (3) leak identification and prevention (LIP); and,
mitigation of contaminant migration (I *M). For the key element L the Pa i ntified
eleven recommenc ons. The LD-6 recommendation essentially suggests investigating whether
the current waste composition could cause failure of the tank steel liner through 2 mode of
corrosion. That recommendation is addressed by this report.

The second part of M-045-91 (i.e., submit TPA change package with interim milestones) was
completed by transmittal of TPA change package M-45-10-01 (LET 10-ESQ-286, “Completion
of Hanford Federal Facility Agreement and Consent Order (HI ACO) Interim Milestone
M-045-91, Due September 30, 2010”). = e TPA change package is discussed below.

1.1 TRI-PARTY AGREEMENT INTERIM MILESTONE M-045-91F AND
ASSOCIATED TARGET DATES

The TPA interim milestones and target dates regarding SST integrity assurance were established,
in January 2011, based on the Panel’s recommendations and negotiations between ORP and
Ecology. The eight interim milestc s, established via TPA change package M-45-10-01,
covered recommendations from the Panel under the key elements SI, LD, and LIP.

The TPA interim milestone M-045-91F origina ’ contained four target dates, M-045-91F-T01
through -T04. Target date M-045-91F-T01 was eliminated via TPA change contr n M-45-
13-01 “...to de-emphasize the reference to Savannah River Site leak rate assessme¢ The
scope was transferred to target date M-045-91F-T04, and refocused on leak rates for the 25 SSTs
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identified as leaking by the RPP-32681, Rev 0, Process to Assess Tank Farm Leaks in Support of
Retrieval and Closure Planning', process.

The M-045-91F-TO02 target date requires that the DOE provide to Ecology a report on the S 5
which have been identified as having leaked ir PP-32681 leak assessment inventory reports.
This report has been prepared to meet the requirements of target date M-045-91F-T02. The
wording of the M-045-91F-T02 target date is repeated below:

DOE shall provide to Ecology as a HFFACO secondary document a report,
evaluating the common factors of liner failures for SSTs that have leaked and will
provide recommendations as appropriate, such as enhanced Leak Detection,
Monitoring, and Mitigation. For purposes of this milestone, the S&  that have
leaked are identified through the RPP-32681, Rev 0, Process to Assess Tank
Farm Leaks in Support of Retrieval and Closure Planning.

Target date M-045-91F-T03 deals with assessing the feasibility of testing for ionic
conductivity between the inside and outside of SSTs. That assessment is documented in
RPP-ASMT-51526, Tri-Party Agreement Target Milestone M45-91F-T-03 Ionic
Conductivity Assessment. The sc. e of M- 5-91F-T03 does not directly apply to the
work performed in this report.

Target date M-045-91F-T04 deals with leak causes, locations and rates for the 25, 100-
Series SSTs documented in RPP-RPT-54909, Hanford Single-Shell Tanks Leak Causes,
Locations, and Rates: Summary Report. That report includes assessments of the causes
for failure of individual tanks. The scope of the work documented in this report is
performed in conjunction with the work performed under M-045-91F-T04.

Figure 1-1 graphically depicts 1 relationships etween the initial interim TPA milestone,
M-045-91, and subsequent Panel work and M-045-91F interim milestones and target dates at
relate to this report.

2 OBJECTIVE

The goal of this report is to identify the common factors that may have contributed to liner
failure in SSTs that leaked. This analysis was conducted for the 149 Type I, Type T II,
and Type IV SSTs. The evaluation compares the conditions of tanks with probable line ures
to tanks not known to have liner failures to determine the commonality of possible causes for
those probable 1ilures. This report has been prepared to meet the requirements of target date
M-045-91F-T02.

! Revision 1 to RPP-32681 was issued with a new section to address the identification and evaluation of tank liner
leak locations and leak causes per TPA target date M-045-91F-T04. This revision did not change the process to
assess tank farm leaks in revision 0 of RPP-32681.
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Table 4-1.  Categorization of Examined Failure Mechanisms as mprobable or Possible

(2 Pages)

“+.+4.7.7 v del op'auc; L ULLUDdIULL A
4.4.9.10 Differential-Temperature Cell Corrosion X
4.49.11 Corrosion of T=»L. Liner External Surface X

4.4.10 Kadiation-Inducea vefects X

44.11 Vacuum Internal to Tank X

44,12 Pressurization Internal to Tank X

4.4.13 Operational Errors or Accidents X

AATA Trmnranar ar Inadannata Mnaratinnal Deansadiirac Aar Drnnaccac '

4.52 External Water or Soil-Induced Corrosion X

4.53 Pressurization External to Tank Liner X

It is convenient to organize failure mechanisms, however, such organization can be somewhat
arbitrary. Organization of the failure mechanisms simply allows a means to bin mechanisms
according to common features. The important point is to ensure that all reasonable mechanisms
are addressed rather than how those me anisms are ordered. For convenience, the failure
mechanisms have been organized accor 1g to the major periods of a facility’s life, namely
design, procurement, construction, and operation.

4.1 DESIGN AND DESIGN MODIFICATION FLAWS

The SST liners were designed as absolutely liquid tight liners within concrete shells. The design
of the tanks changed over the years as newer tank farms were constructed. Most notably the
transition between the cylindrical wi  and the tank bottom changed as the tank design changed.
Additional design features such as the asphaltic membrane on the exterior of the liner wall were
eliminated in later designs and liquid collection channels were added under the last SST Farm
designed. A later design feature, post-weld stress relieving, was used on the DSTs but not on
any of the SSTs. These mechanisms are discussed below and a determination is made whether
each mechanism is a potentially likely contributor to liner failure.

4.1.1 Lack of Post-Weld Stress Relieving

Welding causes rapid thermal expansion and contraction along a localized area of the steel liner.
The area of welding is rapidly heated causing expansion as it becomes molten. As the molten
pool solidifies there is resistance to shrinkage by the already solidified surrounding weld metal
and the metal ac ent to the point of welding. This resistance can create tensile strains that may
result in distortion, buckling, stress corrosion cracking (SCC) or shortened fatigue life. Heat
input, base metal thickness, cooling rate, restraint of the weldment, and the welding process can
all factor into the level of residual stress present.
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The analysis shows that tank liner instability could come about through the restraint exerted by
differential ermal expansion between the concrete cylinder and bottom plate of the ste tank
liner when the tank is subjected to rapid temperature rises.

Based on this evaluation of a rapid te; joral temperature gradient in the tank liner, a rapid
ter erature rise resulting in a high temporal temperature gradient is considered a potentially
likely factor contributing to liner failure.

4.4.4 Creep

The following is excerpted from BNL-52527. Creep is the time-dependent inelastic deformation
of a material subjected to a stress that is typically below the elastic limit. It is not a concern for
steels below a temperature of 800°F. Therefore, this phenomenon should not occur in waste
storage tanks during operation.

Based on the above description, creep is  t considered a potentially likely liner failure
mechanism.

4.4.5 Stress Relaxation

A material initially stressed may after a time period have a remaining stress lower than the initial
stress. This time-dependent stress reduction is called stress relaxation (ASTM DS 60,
Compilation of Stress-Relaxation Data for Engineering Alloys). As examples, this initial stress
may result from fabrication or operational service thermal gradients. stress relaxation at
temperatures below about 0.4 of the m¢  1g temperature (roughly 1€ ) are a result of
inelastic strains which after a time peric  -each a limit that is a function of the initial stress and
the temperature.

Residual tensile stresses present in non-stress-relieved welds of the SSTs may diminish with time
as the material is exposed to moderately elevated operating temperatures. Diminished tensile
stresses could lead to a reduction in the risk of SCC. Conversely, continued high residual tensile
stresses could result in a continued risk of SCC.

Limited data is available regarding stress relaxation of carbon steel at ten :ratures comparable
to waste storage temperatures in SSTs. ASTM data series publication DS 60, “Compilation of
Stress-Relaxation Data for Engineering  )ys,” provides a compilation of reported stress-
relaxation data for carbon steel among o - materials. Almost all reported data are at higher
temperatures than the SSTs were operated. The small amount of data for lower temperature
stress relaxation testing includes weld metal, stress-relieved rolled plate, steel strip, d wire of
various diameters an on _ sitions are shown in Table 4-5.
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4.4.6 Wear

Wear is degradation resulting from r ‘€ motion between two materials. The tanks are large
and have large static loads and are not normally prone to motion, other than from changes to
static or thermal loads. During filling or emptying of the tank there could be movement of the
liner due to changes in static loads and changes in temperature that would affect

expansion/contraction of the liner. T imber of loading and unloading cycles is considered
small. The asphaltic coating adherec ie exterior surface of the walls of the liner exterior
(except for A, AX and SX Farms) wc ‘educe any wear-related motion on the sidewalls of the
liner.

Based on the above description, wear is not considered a potentially likely liner failure
mechanism.

4.4.7 Erosion

Erosion is a degradation mechanism- e flowing waste slurries impinge on the steel surface of
the tank liner. The steel is mechanic: roded away by the solid particles impacting the metal
surface. This process can lead to loc: 1 or general thinning and potentially penetration of the

steel tank liner.

In most SSTs, the contents are essentia  stagnant for much or all of the time. The primary
exceptions are sluicing operations during metal waste recovery and strontium recovery
campaigns. Metal waste recovery ope  ons performed between 1952 and 1957 included
sluicing in 43 tanks in seven tank farm  INF-3018, Single-Shell Tank Sluicing History and
Failure Frequency,). Strontium recovery operations were performed between 1962 and 1978 in
the 10 tanks in A and AX Farms.

Metal waste sluicing was performe 75-ft diameter tanks using two, 1 3/8-in. nozzles at a
flow rate of 250 to 300 gpm per no 1-WM-TI-302, Hanford Waste Tank Sluicing History).
This resulted in a jet velocity of 65 [n the 20-ft diameter tanks a single 5/8-in. nozzle was
used at a flow rate of 100 gpm (SD [-302). This resulted in a jet velocity of 100 ft/sec.
Based on chemical/physical roper rmined for tank U- )1 metal waste sludge, the solids
consisted of 60% by weight of a so al, primarily needle-like crystals of sodium uranyl
phosphate, and 40% by weight of a naterial, primarily a hard dense agglomerate of

crystalline carbonate. The consistency of the harder material was described as blackboard chalk
(SD-WM-TI-302) and had penetrometer values comparable to chalk (HW-19140, Uranium
Recovery Technical Manual). Studies of erosion behavior of metal waste slurry in steel pipe
found the erosion rate to be less than 30 mil/yr (measured at an elbow) for a linear slurry velocity
of 15 ft/sec (HW-19544, Erosion of Carbon Steel Pipe in the Waste Metal Recovery Process
(Project C-362)). Translating this result for ipes to the tank surface is not straightforward and
is not attempted here. However, the above information indicates that erosion of the piping
during the metal waste recovery campaign was evaluated and determined it was not a significant
concern.
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4.4.8 Hydrogen Damage

Hydrogen damage is a general term use (o cover several types of possible material degradation
caused by hydrogen. Carbon steel can be susceptible to a number of different types of hydrogen
damage. Hydrogen damage can develop in a wide variety of environments under a range of
conditions. Common hydrogen damage mechanisms that may be applicable to the SSTs are
discussed below.

4.4.8.1. Hydrogen Embrittlement or ! ‘drogen-Induced Cracking

Hydrogen embrittlement is caused by diffusion of hydrogen atoms through metal and then
recombining to molecular hydrogen within the metal matrix creating pressure within the metal.
This pressure can increase, reducing the ductility and tensile strength of the material and at even
higher levels can crack the metal via hy >gen-induced cracking. The problem of hydrogen
embrittlement is more likely to occur in  irdened, high-carbon steels. Decreasing the carbon
content and hardness decreases the ke >od of hydrogen embrittlement but does not
completely eliminate the possibility of hydrogen embrittlement.

The DOE commissioned testing and ev  ation of hydrogen effects of fracture behavior of
radioactive waste storage tanks (DOE/l  75784-T1, 4 Study of Hydrogen Effects on Fracture
Behavior of Radioactive Waste Storage Tanks). The project was performed to evaluate hydrogen
uptake and changes to mechanic: properties of low-carbon steels immersed in water and
subjected to high gamma radiation fields. Three different steels were tested: ASTM A516,
Grade 70; AISI 1020; and, ASTM A354. Only the ASTM A516, Grade 70 steel was used to
measure the hydrogen uptake and hydrogen diffusion coefficient. Steel specimens of i three
steels were tested for changes to ten e strength.

The ASTM AS516, Grade 70 steel specimens tested for hydrogen uptake were subjected to
40,000 rad/hr gamma radiation exposure (*°Co source) in water (with tritium tracer) at 80°C.

The total radiation exposure that specimens were subjected to ranged from 13 megarad (Mrad) to
27 Mrad. The reported diffusion co icient from these tests was 2.7 x 10" cm?/sec. It was
reported that this diffusion coefficient was very small compared to the published data of
hydrogen diffusion in steels. As anexa ple, WSRC-STI-2007-00211, Tensile Testing of
Carbon Steel in High Pressure Hydrogen, reports a diffusion coefficient for hydrogen in body-
centered cubic iron at room temperature of 9.2 x 10 cm?/sec.

The steel specimens tested for effect of gamma radiation on mechanical properties were exposed
to up to 20 Mrad (°°Co source) in water at 80°C. No discernible effect from gamma radiation
and associated radiolysis of the water on strength or ductility was found. Changes to mechanical
property values, in the range of radiation exposure examined, were considered negligible, with
results in many cases being within the experimental scatter of unirradiated specimens.

The United States Nuclear Regt  ory Commission (NRC) publication NUREG/CR-6706,
Capacity of Steel and Concrete Containment Vessels with Corrosion Damage, states that
low-carbon steel is not sensitive to hydrogen embrittlement at temperatures reactor containments
are maintained. Tests on ASTM A516 :ssure vessels subjected to 10,000 psi internal pressure
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As pitting proceeds, the pH and the concentration of oxygen inside the pit decrease and
concentration of the aggressive anion increases, resulting in an increase in the rate of attack. 7 e
addition of inhibiting ions can be used to mitigate pitting corrosion. Laboratory testing has
shown that pitting is most likely to occur in carbon steel at pH values of less than 10
(BNL-52527).

Pits can result in the perforation of a metal cor >nt while the rest of the metal piece remains
unattacked. In the presence of an applied stress, pits can serve as sites to initiate SCC. Pits may
be difficult to detect if they are covered with ¢  ‘osion products (Introduction to Corrosion
Science [McCafferty 201(

Pitting is caused by the presence of an aggres: inion in the electrolyte environment to which
the metal is exposed. This ion is typically chl - but other anions, inc 1din sromine, iodine,
sulfate, and nitrate, can also cause pitting. Ch e and halogen ions can cause localized
breakdown of passivity on the surface of carbon steels at relatively low pH values. Nitrate and
sulfate 2 also adverse r carbon steel, whict :sults in the formation of a small anode,
surrounded by a relatively large cathode, leading tc itting (BNL-52527).

The tendency of a metal to undergo pitting is « racterized by a critical pitting potential as
illustrated in Figure 4-1. The critical pitting p  ntial is a characteristic property of a given
metal, but can also depend on the concentratic Hf the aggressive ion in the environment that
causes pitting, the presence and concentration  inhibitors, and temperature. Al ough the
critical pitting potential is important in determ  ng whether pitting will occur, it does not
indicate the rate of pit propagation or depth of pits formed.

Pitting corrosion propagates due to the small anodic site of the pit surrou1 d by the large

cathodic region of the surrounding metal. This 1 set up a large current  1sity resulting in
attack on the metal within the pit (DOE-HDBF  }15/1-93, “DOE Fundamentals Handbook™).
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Pits initiate and grow \
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Figure 4-1. Schematic Illustration Anodic Polarization Curve Showing Critical Pitting
Potential

icCafferty 2010)

Based on the above description, pitting corrosion is considered a possible liner failure
mechanism.

4.4.9.3. Crevice Corrosion

The following discussion is derived p  rily from McCafferty 2010. Crevice corrosion can
occur in regions where a small volume of solution cannot readily mix with the bulk solution.
These regions include:

e Under gaskets or seals

e Under bolt heads

e Between overlapping sheets

e Between metal flanges

¢ Within screw threads

e Under corrosion products

e Under sludge or other deposits during stagnant periods
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Based on the above description, crevice corrosion is considered a possible liner failure
mechanism.

4.4.9.4. Stress Corrosion Cracking (SCC)

Stress corrosion cracking (SCC) requires a susceptible material with the simultaneous  :sence
of a sustained tensile stress and an aggressive environment (BNL-52527). Figure 4-3 portrays
the process involved in SCC.

Tensile —— L e - S - T -
Stress 3
e—— —
/// § Tensie
Stress

Figure 4-3. Progression ¢ Process that Causes Stress Corrosion Cracking
(Reference DP-1476)

Tensile stresses that cause SCC can cor  from applied stress during operation or residual stress
from welding. Welding causes resi 1al tensile stress (which is sustained unless a stress-relieving
treatment is performed). Welding also causes changes in material adjacent to the weld making it
susceptible to certain forms of SCC. /  ough tensile stresses may be present, they must be
above a certain minimum stress intensity factor, Kis, the critical stress intensity factor for SCC
to occur. In general, stress intensity factor, K, is a measure of the ratio of localized stress,
o(local), to the average stress in the bulk of an otherwise uniform body, o(average). Testing by
various methods has shown that Kjg is considered to be a material property for a given
environment (McCafferty 2010). The ¢ ical stress intensitv factor for SCC, K, is a function
of the alloy type, alloy composition, strength level of the a )y, and the nature of the electrolyte.
Stress corrosion cracking will not occur  a stress intensity factor less than Kyg.. 1 2 value of
the stress intensity factor which produces cracking in the dry specimen (i.e., in the absence of
any electrolyte in contact with the specimen) is called the fracture toughness of the material and
is given the symbol, Ki.. At large apj oads in the presence of an environment causing SCC,
the environment has little or no effect e value of Ki.. A generic graphical representation of
cracking as a function of the stress intensity factor is presented in Figure 4-4. Stress corrosion
cracking does not occur in Region I but es occur in Region [I. Mec 1ical rupture occurs in
Region III.
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liquid containing e dissolved solids. Depending on the temperature differential, the elec olyte,
and the proximity of the high and low temperature areas, a differential-temperature ce can form
resulting in corrosion at the anodic site.

Based on the above discussion di ren I-temperature cell corrosion is consi :red a possible
failure mechanism for SSTs.

4.4.9.11. Corrosion of Tank Liner E rior Surface

Corrosion of the exterior surface of the tank liner would require the presence of water, oxygen
and/or organic material. The exterior of the bottom portion of the liner of all SSTs is in contact
with a cement or grout layer. With the exception of A, AX and SX Farms, the 100-Series tank
liner wall is surrounded by a 3/8-in. thick external asphaltic coating between the concrete and
steel liner. The exterior of the wall liner for A, AX and SX Farms are in direct contact with the
concrete walls of the tanks. The exterior of the 200-Series tank liner wall is in direct contact
with a metal mesh blanket material.

Asphaltic coating is a typical protective coating for all types of direct buried steel storage tanks.
The coating is applied to prevent external corrosion of the tank wl :h may be in contact with
moist soil or groundwater. For the areas of those tanks with asphaltic coatings on the wall ner,
it is not expected that corrosion of the tank liner exterior surface is a likely contributor to tank
liner failure. The presence of the aspha ¢ coating should eliminate contact of the liner with
water.

A steel liner within a concrete shell is 2 ‘pical construction technique for buried tanks and
nuclear reactor containment buil ngs. 1e steel liners act as a leak tight barrier within a thicker
load-bearing concrete shell. The relatively high pH of the concrete pore water protects the
carbon steel from general corrosion.  1e mechanisms for steel corrosion in contact with
concrete are more likely to be through chloride ingress via water intrusion or reduction in pH
through carbonation of the concrete from reaction with atmospheric carbon dioxide. The
expected air diffusion through concrete or cracks, if present, and the soil cover are expected to be
very low such that carbonation and associate reduction in pore water pH would not be a
significant concern. Considering water intrusion, the groundwater table is well below the bottom
of the SSTs and the climate is relative ' dry. Except for A and AX Farms, there is no driving
force to pull air from the soil into the tank interior through the concrete shell (potentially
exposing the exterior of the liner to moisture in the air) because the tanks are passively
ventilated. It isn’t practical to consider groundwater infiltration would occur through the
concrete shell of the tank to the exterior of the carbon steel liner for passively ventilated tanks.
Although there are possible indications of water intrusion through penetrations in the dome of
certain SSTs there are no known dic ons of water infiltration through the concrete shell or
dome contacting the exterior of the steel liner. Water intrusion through the dome is deflected via
lead flashing to the interior of the tank and would not contact the tank liner exterior. So
corrosion of the exterior of the ner from water infiltration is not considered as a likely
contributor to tank liner failure.
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term related to the shallowness of the spherical  ell can be used to account for these variations
that relate the actual critical buckling load to the classical buckling load of a perfect spherical
shell.

For the 100-Series tanks, the vacuum level causing buckling/uplift of the tank bottom liner is less
than the vacuum level causing sidewall buckling (RPP-11788, Single-Shell Tank Waste Retrieval
Allowable Vacuum Assessment). The tanks with thinner bottom liners (i.e., B, C, T,an U
Farms) will buckle/uplift at a lesser vacuum lev: than those tanks with thicker bottom liners.
Because of the geometry, the sidewall liner of the 200-Series tanks would buckle before the
bottom ner (RPP-11788).

Buckling analysis of C Farm tanks (RPP-8551° as shown that when one does not factor in
hydrostatic head from the waste or when the tank bottom is uncovered, buckling of the bottom
s| erical shell will occur at a much lower internal vacuum level than the sidewall shell. Not
accounting for corrosion, the nominal bottom liner (Y4-in.) could begin to buckle at as little as

2 in. vacuum in the absence of any hydrostatic head. This analysis in general applies to Type Il
and Type III, 100-Series tanks, although the materi thickness of the steel liner and the level of
corrosion experienced by the liner are primary considerations affecting numerical results. The
analysis in RPP-8551 points out that buckling « the bottom portion of the steel ner does not
necessarily result in a liner breach. Calculations for nominal wall thickness (Y4-in. tank ottom
and */j¢-in. knuckle with no corrosion) show that a net differential pressure of approximately

88 in. w.g. internal vacuum would yield the tank liner at its weak point, the circumferential weld
where the bottom joins the knuckle. The cylindrical wall of the steel liner would also buckle at
this level of vacuum.

After a large bulge and breach of tank A-105 was discovered, a model test of the tank was
performed to determine the effect of differenti: pressure on the tank bottom and the required
pressure to cause failure of the liner (RL-SEP-630, 105-4 Waste Storage Tank Model Test). The
testing revealed that the test liner failed at 17.5 1. w.g. differential pressure across the bottom
liner. Failure occurred adjacent to the weld at the bottom-to-side joint. Because of scaling of ¢
model to the actual tank, the pressure causing failure in the model was equivalent to the required
pressure to fail the actual tank.

Active ventilation systems with exhaust fans that could pull a negative pressure on a tank were
not originally employed on the early non-boiling SSTs (tank farms prior to SX Farm
construction). Originally, the early tanks were equipped with air-cooled condensers to condense
water vapor from the air that was directly vented to the atmosphere. Subsequently, at different
times over the course of operations active vent tion was supplied to various non-boiling waste
storage tanks to provide cooling (e.g., ventilation of tanks C-105 and C-106 for cooling) (see
OSD-T-151-00013, Rev D-1, Operating Specifications for Single-Shell Waste Storage Tanks, p.
10) or flow into the tank during planned openings of passively ventilated tanks (e.g.,tot =
photos) or active ventilation system modifications (SD-WM-SAR-006, Rev 1, Single-Shell Tank
Isolation Safety Analysis Report, p. 5-14).

Active ventilation was employed as part of the oiling waste tanks (SX, A, and AX Farms). An
active ventilation system was connected to SX arm to air cool some of the tanks. The K1-3-1
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Based on the above description, soil settlement or external loads on a tank are not considered a
likely comi Hn liner failure mechanism.

4.5.2 External Water or Soil 1duced Corrosion

This topic was covered in Section 4.4.9.11 as part of the various corrosion mechanisms.
External water or soil-induced corrosion is not considered a potential significant ner Ire
mechanism.

4.5.3 Pressurization External to Tank Liner

An external pressure source acting on the tank bottom liner could impart a significant force on
the steel plate resi ing in temporary or permanent deformation of the liner. Indications of
bulging in the bottom of tank liners could be explained by pressurization via a gas or vapor
external to the tank liner. This woul uire a high enough temperature in the waste and low
enough hydrostatic load on the liner to allow the external vapor pressure to overcome the
hydrostatic load acting downward on the bottom liner. A number of possible sources of gas or
vapor exist including water vapor from residual water under ¢ liner, water vapor liberated from
the grout cap under the bottom tank liner, organic vapor from the asphaltic membrane, or leaked
waste accumulating under the tank liner. External pressurization could occur if the vapor or gas
was trapped such that it could not escape via a path underneath the tank or along the sidewalls
out to the surroundings. Pressurization could also occur in the presence of a leak path if the rate
of pressurization was greater than the r:  the leak path could relieve the pressure.

It should be noted  at this factor is very closely related to the factor considered in Section 4.1.4
which considers lack of a vent path underneath the tank liner. The distinction between these two
factors is whether the lack of an engineered vent path contributed to liner failure without
considering whether or not external pressurization occurred. In the case of considering external
pressurization as a common factor, the focus is on whether the subset of tanks which experienced
external pressurization resulted in liner failure because of the pressurization.

Based on the above description and the known evidence of bulged iers, pressurization external
to the tank liner is considered a potential liner failure mechanism.
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241-SX 1953-54 15 1,000,000 | 75 301t-10/51n
4 55,000 20 24%-6in
241-T 1943-44 12 530,000 75 17 ft
241-TX 194748 750,000 75 23 f-8 . in
23 ft-8 1/16 in
241-TY 1951-52 6 750,000 75 or
23 fi - 8 %14 in
3 55,000 20 24f- 6 in
241-U 1943-44 12 530,000 75 17 fi

*Information taken from WHC-MR-

12, except operating depth which is depth from tank bottom

center to liquid surface level (when available) or bottom of outlet nozzle as represented on tank
drawings [liquid surface level for 241-B, 241-C, 241-T, 241-U from D-2 and D-20; liquid

surface level for 241-BX from
drawing with nozzle detail; bot
bottom of outlet nozzle for 241
TY from H-2-2244 [ shows hei

’; 241-TX assumed the same as 241-BY due to lack of
yutlet nozzle for 241-BY from H-2-1313 and H-2-1318;

H-2-1783 and H-2-1789; bottom of outlet nozzle for 241-

1top plate to outlet nozzle centerline as 14”] and H-2-

2250 [ shows height from top plate to outlet nozzle centerline as 14-'%2]; liquid surface level for

241-SX from H-2-39511; liquid sur
for 241-AX from H-2-44562 and H-2-44635].

> level for 241-A from H-2-55911; bottom of inlet nozzle
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A review of the construction spec  itions for the SSTs shows that no me1  n was made of
stress relieving for constructiono  : first five tank farms (HW-1946). C. truction history for
X Farm (HW-24800-35, Design and Construction History, Project C-163, 241-TX Tank Farm)
and the specifications for BY Farm (H 3783, Additional Waste Storage Facilities, 200 East
Area), S Farm [W-3937, Waste Disposal Facility 241-S and 207-S), and TY Farm (HW-4696,
Waste Disposal Facilities, 241-BZ and TY Tank Farms) identify that the vidual knuckle
plates were stress relieved after forming and that shop-welded knuckle subassemblies, consisting
of five individual plates, were low temperature stress relieved prior to shipment to
construction site. However, post-weld stress relieving of field welding is not mentioned. The
specifications for SX Farm (HW-4957), A Farm (HWS-5614) and AX F m (HWS-8237,
Specification for PUREX 241-AX Tank Farm, Project CAC-945) do not specify any required
stress relief of the tank liner.

A 1962 process design engineering basis document for AX Farm (HW-72780, Process Design
Engineering PUREX Essential Waste Routing System and 241-AX Tank Farm) recommen d
that the tank liner be stress-relieved. The design of the tank farm evolved from the time of that
design document, and no mention of stress relieving was found in subsequent design or
construction media. The timing of W-72780 coincides with the recognition of SCC at the
Savannah River Site but no tie between these two items has been made.

The ASME Boiler & Pressure Vessel Code, Section VIII, Division 1, Part UCS-56, identifies
requirements for post-weld heat treatment. Minimum holding temperatures and times are
tabulated at nominal thickness ranges for various carbon and low-alloy steels. The minimum
holding temperature tabulated for post-weld heat treatment in UCS-56 is 540°C (1000°F)*. For
A/SA-283, all grades, and A/SA-285, all grades, carbon steel the minimum holding temperature
for post-weld heat treatment is 595°C ( )0°F) and the n 1imum holding time is  hr/in. material
thickness with a 15 minute minimum.  ne of the SSTs were post-weld stress relieved and
therefor none have been subjectedtot e temperatures for any period of time after welding.

5.2.2 Tank Liner Bottom to Wall Transition Design

The design of the tank liner bottom to wall transition design may be a liner failure common
factor. A particular liner bottom to wall transition design can potentially be more susceptible to
harsh conditions such as extreme temperature and chemistry in the tanks. Figures depicting the
available drawing information for the various bottom to wall transition designs are provided
below.

200-Series Type I Tanks

The 200-Series, Type I tanks in the fir ~ ur tank farms (B, C, T, and U Farm) were designed
with a 3-ft radius, rounded knuckle, bottom to sidewall t1 1sition (see Figure 5-5). The knuckle
was joined to the dished bottom and e vertical wall via butt welds. Figure 5-5 includes details

2 ASME Boiler and Pressure Vessel Code, Section VIII, Division 1, Section UCS-56 allows post-weld heat
treatment at lower temperatures for longer periods of time when it is impractical to post-weld heat treat at the
tabulated temperatures for the minimum holding times.
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semblies of the bottom shall be double welded butt
penetration welds (HWS-8237).
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Tank Liner Bottom to Wall Transiti

Because SX and A Farm tank liners ha
were used in the liner joints. The cons

included full penetration square butt v
Figure 5-8, the bottom knuckle allows
liner, rather than at the corner. A wel

than if the joint is at the sidewall. Examples of the different types of w
shown in Figure 5-12.

SST bottom to wall transition designs ¢

Wall Transition

Welding

orner joints instead of bottom knuckles, f et we s
ction specifications indicate a double fillet weld for the
liner joint in the SX Farm design (H-2-39511) and a double bevel fillet weld for the liner joint in
the A Farm tank liners (H-2-55911). T  horizontal and vertical welds in the remainder bottom
and wall plates were full penetration butt welds similar to previous tanks. All other tank designs
at the bottom knuckle. As seen in Figure 5-5 through
the horizontal weld to be farther up the side of the tank
the corner of the tank liner adds more stress to the liner
I used for the various
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“A steel liner which fits tightly inside a concrete shell provides no means for
differential thermal expansion. Such expansion can result in high compressive
stresses in the steel which may produce elastic instability. Instability is
particularly likely to occur in the flat bottom of the liner resulting in rippling of
the bottom. This is more apt to  cur in designs in which the junction at the lower
corner is 90 degrees as in the S  Tanks than in designs in which a radius is used
as in the BX and TX Tanks of earlier design. Empty tanks in the SX farm have
been observed to have rippled t  tom liners before filling.

A hydraulic head would tend to  itten the ripples but filling with hot waste would
tend to increase the degree of rippling because of the restraint of the concrete
shell. Under certain conditions is might cause rupture of a joint. The severity
of the rippling is believed to have been demonstrated by the instability of the
bottom of tank 113-SX after it was emptied. It is suggested that the restraint
offered by the concrete shell be reduced by a return to the use of an asphalt
expansion joint between the ste. ihell and the concrete shell.”

Weld Examination Methods

Weld inspections for the fillet wi s were not as rigorous as for butt welds. Because the angle of
exposure influences the radiogra , fillet welds are difficult or impossible to examine via a
radiographic method. No indication was found in the available specifications or drawings that
radiographic inspection was performed on the fillet welds of A and SX Farms. Additionally,
only spot (as opposed to full) radiographic examination was performed on A and SX Farm tanks,
and instead the vacuum soap test at 101 of mercury was used. Vacuum soap testing only
determines leaks in the tanks and the sc  dness of welds rather than identifying discontinuities.
Radiographic inspection has the advantage of being able to detect both surface and subsurface
discontinuities of the weld; however, this method is more expensive and time consuming (p. 23
AWS B1.10M).

Table 5-3 provides a listing of the applicability of the weld examination methods used in
inspection of the various SSTs to detecting common discontinuities enco tered in welds. This
table demonstrates that no single exami .ion method is applicable for detecting all types of
discontinuities. Also, some types of discontinuities (i.e., incomplete fusion and overlap) may not
have been detected because of the 1 rginal applicability or inapplicability of an examination
method to detect the particular discontinuity. Although radiographic and visual examination
methods are identified as applicable examination methods for a number of discontinuities,
radiographic examination is superior to visual examination because of its ability to detect
subsurface discontinuities.

Table 5-4 provides a listing of the applicability of a particular method for examining specific
weld joint types. The table demonstrates that radiography of T-joints and :ak testing in general

are only marginal as weld examination 1 thods for the joint types employed on the SSTs.

In looking at these two tables it is der trated that leak testing is only marginal at best in
detecting leak discontinuities and mo ely shouldn’t be relied upon as a primary weld
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Welding shall not be done when the temperature of the base metal is less than 40
F. Preheating may be used to raise the base metal to this temperature.

Whether welding was accomplisl  in a manner consistent with current preheating and interpass
ten iture requirements, these can be looked at as a surrogate pi ntial indicator of weld

; Preheat and interpass temperature req:  ements are established to limit hydrogen
cra g but can also account for porosity or slag inclusion as described above.
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COo5? 1.1 M 020 g/g
cr 0.10 M --
OH" 0.1 M -
Si0, -- 0.002 g/g
MnO, -- 0.0026 g/g

A few sample analyses of A and AX Farm supernatant liquid and sludge prior to sluicing for
fission product recovery are available. 1ese are presented below.

A PUREX tank farm sludge sample from tank A-102 was analyzed on May 31, 1963
(WHC-{ )»-WM-ER-308, Supporting Document for the Historical Tank Content Estimate for A
Tank Farm) with the following results:

Constituent g/g sludge
NO; 0.0171
NO, 0.0083
SO, 0.113
CO; 0.079
Na 0.246

Fe 0.055
Al -
Cr 0.0001
Ni 0.0007
Si 0.01
Mn 0.01

PUREX tank farm supernatant solutior from tanks A-101, A-104 and A-106 were sampled on
September 2, 1964 (RL-SEP-183 RD, PUREX Tank Farm Supernatant Solution Composition).
The sample analyses were performed to help with ongoing research and development studies in
support of waste management and fissi  product recovery activities. The sample composition is
given below:

Constituent 241-A-101 241-A-104  241-A-106
Na 6.52 M 6.52 M 695 M
NO; 0.226 M 0.667 M 058 M
NO, 336 M 342 M 335 M
SO, 0.246 M 0.187M 0.135 M
PO, 0.0358 M 0.023 M 0.0095 M
Total Base 2.6 M 195 M 1.63 M
Total Anion (calculated) 404 M 4.62 M 432 M

Analytical results were reported for PU X tank farm supernatant solutions from 2 -A and
241-C tanks on May 27, 1969 via inter  letter, “lon Exchange Feed Samples™ (Larkin 1969).
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d  und, then it does nc ke sense to revisit this failure analysis. If¢ rge

s are identified ash 1 er leaks, then would be necessary to assess v ether
fit would be rived from revisiting this analysis. Such a determination would
ein e future depending upon the 1 mber of tanks found to have liner failures.
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WHC-1 '-0182-9, 1988, Tank Farm Surveillance and Waste Status Summary Report for
December 1988, Westinghouse anford Company, Richland, Washington.

WHC-] 182-28, 1990, Tank Farm. ‘veillance and Waste Status Summary Report for July
), West  thouse Han: ( o 1y, Richland, Washington.

WHC-1 182-55, 1992, Tank Farm Surveillance and Waste Status Summary Report for
October 1992, Westing wse  ford Company, Ric nd, Wash ton.
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