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DANS UN ENVIRONNEMENT DE SIMULATION 

par 

B. M. Ikeda et M. J. Quinn 

RÉSUMÉ 
Le département de i'Énergie des États-Unis envisage actuellement le stockage permanent des 
déchets de haute activité dans la montagne Yucca, au Nevada. L'installation proposée sera située 
dans la zone non saturée, environ 300 m sous terre et 300 m au-dessus du niveau phréatique. Le 
conteneur de déchets proposé consiste en une enveloppe extérieure en alliage 22 résistante à la 
corrosion autour d'un conteneur interne en acier inoxydable de 316 NG pour encapsuler les 
déchets de combustible nucléaire irradié. On propose un blindage récepteur en titane afin de 
protéger le conteneur de déchets contre l'infiltration d'eaux souterraines et les éboulis. Un cycle 
de stillation et d'évaporation pourrait entraîner la création de solutions fortes concentrées, 
lesquelles pourraient entrer en contact avec le conteneur de déchets. Le matériau du conteneur de 
déchets pourrait être sensible à la corrosion fissurante causée par ces solutions. 

Les expériences décrites dans le présent rapport appuient la modélisation des processus de 
dégradation des colis de déchets. On voulait fournir des valeurs de paramètre nécessaires pour 
modéliser la chimie de la corrosion fissurante relativement à la reprise en hydrogène ainsi que la 
fissuration par corrosion sous contrainte des matériaux des colis de déchets «candidats» 
sélectionnés. Les expériences avaient pour objectif d'étudier le comportement sous corrosion 
fissurante de divers matériaux «candidats» dans des conditions de corrosion sans contrainte et 
d'établir le pH qui se développe dans les solutions fissurantes. 

On rapporte les résultats des expériences de corrosion fissurante sur des paires de métaux de 
nature différente (alliage 22, titane de nuance 7 et 16 et acier inoxydable 316) submergées dans 
des eaux souterraines concentrées dans un environnement de simulation à environ 90 °C. Le 
potentiel de corrosion a été mesuré au cours de périodes d'exposition de 330 et 630 heures. 
Après les expériences, on a mesuré le pH de la solution fissurante. Les résultats indiquent qu'un 
niveau limité d'acidification de la fissure s'est produit pendant l'expérience. Les valeurs du 
potentiel de corrosion donnent à penser qu'il est possible qu'une corrosion fissurante ait débuté. 
La corrosion totale était restreinte, et on a observé peu d'indication visible de corrosion 
fissurante à la surface des coupons échantillons. Il est possible que l'expérience ait été trop 
courte pour créer une corrosion fissurante visible sur les coupons échantillons. 
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ABSTRACT 

The disposal of high-level nuclear waste in the Yucca Mountain, Nevada is under consideration 
by the US Department of Energy. The proposed facility will be located in the unsaturated zone 
approximately 300 m below the surface and 300 m above the water table. The proposed waste 
container consists of an outer corrosion-resistant Alloy 22 shell surrounding a 316 NG stainless 
steel structural inner container that encapsulates the used nuclear fuel waste. A titanium drip 
shield is proposed to protect the waste container from ground water seepage and rock-fall, A 
cycle of dripping/evaporation could result in the generation of concentrated aggressive solutions, 
which could contact the waste container. The waste container material could be susceptible to 
crevice corrosion from such solutions. 

The experiments described in this report support the modeling of waste package degradation 
processes. The intent was to provide parameter values that are required to model crevice 
corrosion chemistry, as it relates to hydrogen pick-up, and stress corrosion cracking for selected 
candidate waste package materials. The purpose of the experiments was to study the crevice 
corrosion behavior of various candidate materials under near freely corroding conditions and to 
determine the pH developed in crevice solutions. 

Experimental results of crevice corrosion of dissimilar metal pairs (Alloy 22, Grade-7 and -16 
titanium and 316 stainless steel) immersed in a simulated concentrated ground water at -90 °C 
are reported. The corrosion potential was measured during exposure periods of between 330 and 
630 h. Following the experiments, the pH of the crevice solution was measured. The results 
indicate that a limited degree of crevice acidification occurred during the experiment. The 
values for corrosion potential suggest that crevice corrosion may have initiated. The total 
corrosion was limited, with little visible evidence for crevice corrosion being observed on the 
sample coupon faces. The experiment duration may have been too short to generate visible 
crevice corrosion on the sample coupons. 
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1. INTRODUCTION 

Methods for the disposal of high-level nuclear waste are under investigation in many countries. 
The general concept is to encapsulate a waste-form in a durable metallic container and bury the 
container in a stable geologic formation. In the U.S., the selected site is the tuff rock geologic 
formation found in the Yucca Mountain formation in Nevada; the proposed repository will be 
located in an unsaturated zone approximately 300 m below the surface and 300 m above the 
water table (Gordon 2002). The environmental conditions in such a repository will range from 
hot. humid, and oxidizing to cool and oxidizing. Under ideal disposal conditions, the container 
would remain dry for several hundred years; the subsequent corrosion rate for lower repository 
temperatures and wetter environmental conditions should remain low enough to ensure container 
lifetimes greater than 103 years (Bullen et al. 2000). A credible repository scenario predicts that 
a concentrated salt solution could be present on the container surface as a result of ground water 
periodically dripping on the container and then evaporating. To counter such potentially 
aggressive conditions, a dual wall waste package has been proposed by the U.S. Department of 
Energy (DOE) with an outer, corrosion-resistant Alloy 22 shell protecting a structurally 
reinforcing stainless steel inner container. The outer barrier is proposed to be made of Alloy 22, 
a nickel-based alloy with a nominal alloying composition of 22% Cr, 13% Mo, 3% Fe, and 
3% W (Gordon 2002). To further minimize the effect of concentrated ground water contacting 
the container, a titanium drip shield has been proposed to protect the containers from exposure to 
ground water seepage and rock-fall. 

Various scenarios are under consideration to assess the container performance over the regulated 
104 years containment period. One such scenario considers the consequences of the drip shield 
contacting the container and forming a metal-to-metal crevice. A corrosive, concentrated ground 
water could be retained between dissimilar metal components, which could lead to crevice 
corrosion of the materials. 

Crevice or occluded cell corrosion can occur when a small volume of corrosive solution is 
trapped between two metal surfaces, but the solution remains in electrical contact with a large 
surface area exposed to oxidizing conditions. A separation of anodic and cathodic reactions can 
result. Generally, oxygen reduction occurs on the large surface area of metal outside the crevice 
and drives metal dissolution inside the crevice. Metal hydrolysis in the crevice solution causes 
the crevice solution to become acidic. As the pH decreases in the crevice, rapid active corrosion 
occurs with the production of hydrogen gas. The corrosion potential within the crevice shifts to 
a more negative value as the crevice solution becomes acidic and reducing. Experimental 
measurements of the crevice potential can be used to follow the evolution of conditions to active 
crevice corrosion conditions, and measurements of the crevice pH following the experiment can 
be used to confirm the occurrence of crevice corrosion. In addition, these parameters are 
commonly used to model the evolution of chemistry during the initiation and propagation of the 
localized corrosion process. 

Alloy 22 exhibits good resistance to crevice corrosion in industrial environments, including 
solutions with high chloride concentrations (Kehler et al. 2001), It is believed that this resistance 
is a result of Mo and W alloying elements improving the stability and corrosion resistance of the 
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oxide film. Contact with a dissimilar metal could result in a galvanic potential that is sufficient 
to alter the behavior of the passive film; the presence of a concentrated reducing chloride 
soludon trapped between the metals could produce an aggressive crevice corrosion environment. 
The crevice corrosion behavior of dissimilar metal couples has not been investigated, and 
experimental data are required to support container performance modeling under such crevice 
corrosion conditions. In this study, the electrochemical behavior of dissimilar metal crevices 
exposed to concentrated ground waters at elevated temperature is investigated. 

The experiments described in this report support the modeling of waste package degradation 
processes. Hie intent was to provide parameter values that are required to model crevice 
corrosion chemistry, as it relates to hydrogen pick-up, and stress corrosion cracking for selected 
candidate waste package materials. The purpose of the experiments was to study the crevice 
corrosion behavior of various candidate materials using test conditions that are close to naturally 
occurring corrosion conditions, and then determine the pH developed in the crevice solutions. 
The measured pH values will be compared with predictions of models being developed and used 
at the Lawrence Livermore National Laboratory (LLNL) to predict long-term localized damage. 
Crevice corrosion experiments have been performed on various combinations of Alloy-22, 
316 stainless steel, Grade-7 titanium and Grade-16 titanium alloys in simulated ground water at 
90 °C. The electrode potential and the final crevice pH measurements can be used to support 
analyses of crevice corrosion susceptibility of a particular metal combination. 
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2. QUALITY ASSURANCE 

The experimental work was performed in accordance with the quality manual for the Waste 
Technology Business Unit (WTBU) 2000 and following approved WTBU work instructions. 
Any deviations from a work instruction were duly noted in the Scientific Notebook. For those 
processes that were developed during the course of this work, the experimental procedure was 
documented in Scientific Notebook SN-001 in accordance with WTBU Work Instruction 
DOE.Ol, Scientific Notebooks for WTBU Projects. Raw data were recorded in the Scientific 
Notebook, or in Supplemental Records Binder #1. Quality procurements were performed in 
accordance with Atomic Energy of Canada Limited (AECL) Company-Wide Procurement 
Quality Assurance Manual, G0-01913-QAM-011, Revision 1, with the additional requirement 
that the vendor be on the U.S. DOE Qualified Supplier List. Furthermore, the acceptance of 
calibration services, ordered by this procurement, were required to pass an objective evidence 
review of information. An example of the information requested is given in Appendix A. The 
review was performed, upon receipt, by incoming inspection at AECL Whiteshell Laboratories 
(WL). Calibration of laboratory equipment was performed by qualified personnel in accordance 
with the WTBU work instruction for the calibration of the particular item. 

An audit of this project was performed on October 1-3, 2002. The lead auditor was Don Harris; 
John Doyle was the auditor for the Corrosion Studies project. The audit had no findings, no 
observations, and no recommendations. 

The data in this report have been abstracted from the original data files or information sheets. 
The data in the tables, as presented in this document, have been independently verified by the 
authors at least twice—once during the preparation of the document, and once before 
management review. 

2.1 Measurement Errors 

The measured values in each of the tables are reported with an error. The type of error reported 
is specified in the footnote to each table. 

The balance was calibrated using ASTM Class 2 standard masses; the associated measurement 
error is dependent upon the value of the mass standard (ASTM 1991) but is generally 
< 0.0005%, The error in mass is reported as 1 standard deviation about the average of triplicate 
measurements; this corresponds to an ~ 0,8 confidence interval. The solution analysis errors are 
reported for an interval of 2 standard deviations over a large independent population and not 
from the statistical error of the measured values. This error corresponds to an ~ 0.95 confidence 
interval. 

The measurement error is based upon the best estimate of the precision of the instrument, e.g., 
for calipers, the error is ± 5 in the last significant digit. The calibrated accuracy of the 
measurement will be much greater, as reported in the Scientific Notebook. 
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The estimated error in the temperature measurement was ± 1 °C. The thermocouple was 
calibrated to ± 1 °C and the M50 data logger was calibrated to ± 0.56 °C (1 °F). The calculated 
error for the measurement is given by the sum of squares, that is, 

error - ^/(i)2 + (0.56)2 =1.1 (2.1) 

The multimeter used to measure the electrode potential was calibrated to an accuracy of 
±0.1 raV, and the M50 data acquisition channel was calibrated to an accuracy of ± 0.1 mV. The 
reference electrode had a precision of ± 12 mV over the duration of the experiment. The 
electrode potential was verified before and after the test to ensure that the potential had not 
drifted outside the useful range. In some experiments, the electrode filling solution was 
replenished to ensure the operation of the electrode for the duration of the experiment. 
Experimental variation from replicate experiments indicates that the measurement 
reproducibility is approximately ± 20 mV. A liquid junction potential exists but has been shown 
to be a small correction (Farmer and McCright 2000). The errors associated with the electronic 
measurement and with the electrode accuracy are negligible compared to the variability 
associated with electrochemical measurements of replicated experiments. 
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3. EXPERIMENTAL 

3,1 Materials 

AO metallic components were obtained from LLNL through the LLNL quality assurance 
program, The components were manufactured by Metal Samples Inc. from known source 
materials. The material compositions abstracted from the mill reports are presented in Table 1. 
The test coupons of Alloy 22 (A22), Grades-7 (Ti-7) and -16 (Ti-16) titanium, and 316 stainless 
steel (316SS) were manufactured to nominal dimensions of 50 mm x 24 mm x 3 mm. The 
Grade-16 titanium and 316 stainless steel were not available in a 3 mm-thick sheet and were 
supplied as 2.8 and 2.9 mm-thick sheets, respectively. This difference in thickness did not affect 
the measurements of this study because the material supplied was of sufficient thickness to retain 
sufficient stiffness and corrosion allowance for the type of corrosion tests performed. 

Test samples were cut into quarters in the WL Building 300 workshop. The final specimens 
were a nominal size of 25 mm x 12 mm (see Figure 1(A)). Some specimens had a small 
1.35 mm diameter hole drilled in the center of the 12 mm side (see Figure 1(A)). The hole was 
tapped to accommodate an electrical contact. The specimens were kept in the initial envelopes 
until cut and only one specimen was removed for cutting to prevent the inadvertent mixing of 
materials. When more than one material was submitted, the unlabeled edges of the specimen 
were vibro-engraved with the specimen number to further dimmish the possibility of mixing 
specimen materials. Following sectioning, the specimens were returned to the initial sample 
envelope, The specimens were visually examined, and a revised specimen number was vibro-
engraved on the edge of the section, or re-engraved if the label had become damaged. The 
original sample number and the revised sample number were recorded. The cut samples were 
then stored in a desiccator until required. Prior to an experiment, the specimen surfaces and 
unlabeled edges were ground successively with 400 then 600 grit silicon carbide paper using 
water as a lubricant. The unlabeled edges were ground to remove the machining marks. The 
specimens were then rinsed in distilled water, ultrasonically cleaned in a distilled water bath, and 
then rinsed again with distilled water. The specimens were blown dry with clean compressed air 
and placed in a desiccator to dry. Before the experiment, each specimen was measured using a 
Mitutoyu Digimatic Caliper Model CD~6"P, calibrated using 2 and 50 mm Mitutoyu gauge 
blocks. The specimens were weighed, in triplicate, on a five-place balance, calibrated using 
Class 2 primary mass standards. For each step following the ultrasonic cleaning, gloves or 
forceps were used to handle the specimens, to avoid contamination. 
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Table 1. Mil! Reports for Original Plate Materials 

Source Material Chemical Analysis 
Element Weight % 

Materia! ID 

United Ti-PD 
Titanium Grade 7 Pd 0.15 480042$ 

Inc. 
Fe 0.04 43656+ 
Ni NR R163* 
V NR 

Mo NR 
A1 NR 
Sn NR 
Cu NR 
Zr NR 
Si NR 
C 0.008 
H 6 PPM 
O 0.15 
N 0.007 
Ti BAL 

RMI 
Company Ti Grade 16 Pd 0.052 X-52019$ 

Fe 0.10 23396+ 
V < 0.01 L384* 

Mo <0.01 
AÏ 0.01 
Sn <0.05 
Cu <0.01 
Zr <0.01 
Si 0.01 
B NR 
C 0.008 
H NR 
0 0.14 
N 0.013 
Ti BAL 

continued... 
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Table 1 (concluded) 

Source Material Chemical Analysis 
Element Weight % 

Material ID 

Allegheny 
Ludium 

Steel 
Stainless Steel Type 316~L Ni 

Cr 
Mo 
Mn 
C 
S 
N 
Si 
P 

10.13 

16.35 
2.10 
1.83 

0.016 
0.0004 

0.03 
0.40 

0.033 

882534$ 

42123+ 
P771* 

Haynes 
International 

Hastelloy (R) C-22 (TM) 
Alloy Cr 

Mo 
Fe 
Co 
W 
Mn 
V 
Si 
Ti 
A1 
B 

Cu 
P 
C 
S 
Ni 

21.30 
13.08 
4.00 
1.82 
2.93 
0.19 
0.14 

0.026 
NR 
NR 
NR 
NR 

<0.005 
0.002 
0.008 
BAL 

227793203$ 
23292+ 
K932* 

NR - Not reported 
$ - Heat number 
+ - P.O. number 
* - LLNL material I.D. number. 
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Figure 1, Schematic diagram of specimens. (A) Individual coupon nominal dimension, 
(B) clip design, and (C) assembled coupon arrangement for open crevice. The tight crevice 
did not use the PTFE strip (shaded strip). AH units are in mm. 

The reference electrode was manufactured using a pure silver rod with an electrolytic AgCl 
coating. The silver rod composition is given in Table 2 and is traceable to the National Institute 
of Standards and Technology (NIST). The AgCl coating was prepared by immersing the Ag rod 
in a 1,0 mol-L"1 HC1 solution and applying about 0.8 mA of constant current for between 5 and 
15 h. Details of the preparation have been described previously (King et al. 1989, WTBU Work 
Instruction CET.20). The acceptability of the Ag/AgCl rod was verified by measuring the rod 
potential in 0,1 mol-L"1 KC1 solution against a commercially available saturated calomel 
electrode (SCE) that was reserved for use as a standard reference electrode. An Ag/AgCl rod 
was not used for an AgCl reference electrode if the potential was outside a potential range of 
40 ± 5 ffiV relative to the SCE, An acceptable Ag/AgCl rod was inserted into a plastic-body 
reference electrode ceil and the body was filled with 0.Î mol-L"' KC1 solution. A heat shrinkable 
polytetrafluoroethylene (PTFE or Teflon) sheathed asbestos wick penetrated the base of the body 
through a tight-fitting hole to form the electrical contact between the Ag/AgCl rod and the test 
solution. The end of the body was wrapped with PTFE tape to prevent leakage at the joint. The 
completed assemblage formed the Ag/AgCl reference electrode. The electrode potential relative 
to the standard SCE was measured before and after each experiment to verify the experimental 
electrochemical potential. 
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Table 2, Silver Rod Analysis 

Source Material Chemical Analysis Material ID 
Element Weight % 

Alfa 
AESÀR 

Stock No. 
41457 

Silver wire, 2.0 mm 
(0.8 in.) Dia., Hard, 99.9% 

(Metals Basis) Ag 
Au 
Cu 
Zn 
Ni 
Cd 
P 
Fe 
Pb 
As 
Sn 
Bi 
Sb 

99.9486 
0.0120 
0.0193 
0.0002 
0.0009 
0.0120 
0.0003 
0.0009 
0.0009 
0.0003 
0.0008 
0.0006 
0.0003 

Lot No. 
K01J07 

Polysuiphone was used to manufacture the clips used to hold the crevice coupons together. The 
clip design with dimensions is shown in Figure 1(B). The clip was devised to hold the 
specimens together at elevated temperatures and yet remain chemically inert. The chemistry of 
the material is not considered to be a quality-affecting item because it does not participate 
chemically in the corrosion reaction. The clips were archived following the experiments. 

Virgin PTFE heat shrinkable tubing was used for a crevice spacer. A short 10 mm nominal 
length was cut, then slit longitudinally to form a curved sheet. This sheet was used to form a 
crevice gap between the top and bottom of the crevice coupon. The use of virgin PTFE avoids 
the possibility of fluorine off-gas, which would act as a corrosive agent. This material is inert 
and is used only to form an opening in the crevice; it is not a quality-affecting item, 

Other than the electrodes, only glass and PTFE were exposed to the solution, thereby minimizing 
any contamination of the solution. Heat shrinkable PTFE tubing was used to sheath all non-
specimen metallic components that were in contact with the test solution (including the feed-
through rods). PTFE tape was used to wrap junctions and joints and protect these locations from 
crevice corrosion. Any release of fluoride from the PTFE was minimal, and was negligible 
compared to the concentration of fluoride in the test solution. The PTFE materials are inert and 
do not affect the quality of the corrosion results. 

3.2 Specimens 

Two materials were selected for each experiment. A feed-through rod was selected to match the 
material of one of the coupons thereby avoiding a galvanic couple between the specimen and the 
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feed-through. A Grade-7 titanium feed-through rod was used to connect the Grade-J 6 titanium 
coupon because a Grade-16 rod was not available in the required size. Grade-7 titanium contains 
more Pd than the Grade-16 titanium, but the compositions are sufficiently close and the 
electrochemical behavior is sufficiently similar that a galvanic potential does not develop 
between the two materials. 

Coupled crevice specimens were prepared using polished coupons. Two weighed and 
dimensioned specimens were squeezed together with a polysulphone clip. For experiments 
YMP1-YMP5 inclusive, the two specimens were held together with the clip, then weighed as an 
assembly and disassembled. For subsequent experiments, the assembled weight was the mass of 
all the components placed on the weighing pan but not. held together by the clip. 

The two coupons and the clip were immersed in a sample of the test solution supernatant at room 
temperature. All crevices were prepared using the same batch of solution to ensure that the 
initial crevice solution was the same for all the experiments. The two metallic components were 
pressed together under the solution and then the clip was attached. The specimen was removed 
from solution and the feed-through rod was fastened to the appropriate coupon immediately 
before immersion in the hot test solution (see Figure 1(C)). 

Forming the crevice under solution ensured that the crevice surface was wet at the beginning of 
the experiment and that the crevice wetting time was not part of the crevice initiation time. 
Although the crevice wetting solution was of lower concentration than the test solution, it would 
ensure that the crevice remained wet. Maintaining a wet crevice should ensure rapid ion 
movement from the test solution into the crevice. Consequently, a concentrated solution should 
be present in the crevice near the beginning of the test. 

For experiments YMP6-YMP9 inclusive, a small piece of PTFE sheet was used to open the 
crevice gap and permit greater wetting of the crevice during the corrosion experiment. For these 
specimens, the PTFE sheet was carefully laid on one face of a coupon whilst under solution. The 
natural curl in the sheet was used to position the crevice spacer, and about half the sheet was 
consistently located inside the crevice. The second coupon was pressed onto the PTFE while the 
entire assembly remained under solution. The sandwich was then held together by the clip, as 
described for experiments YMP1-YMP5. The clip was positioned at the opposite end of the 
coupon from the PTFE spacer, and the feed-through was positioned on the same end as the 
spacer. 

3.3 Equipment 

The experiments were performed in 1 L round-bottom glass cylinders with a glass flange seal at 
the top. The glass head contained numerous ports with SVL threaded glass joints (see Figure 2). 
These joints can be assembled to form sealed penetrations into the glass vessel. The glass cells 
were placed in 1 kW heaters controlled with a Variac transformer. The temperature of the 
solution was measured using a calibrated K-type thermocouple sheathed in PTFE tubing to avoid 
corrosion of the thermocouple. 
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Figure 2. Schematic diagram of electrochemical cell for crevice corrosion tests, showing 
the basic arrangement of components. 

The electrode potential was measured against a 0.1 mol-L"1 KC1 Ag/AgCl reference electrode 
using a calibrated Keithley 614 electrometer. This electrometer has an input impedance > 10u Q. 
and introduces negligible measurement bias. The electrometer analogue output and the 
thermocouple were connected to a calibrated M50 datalogger. The datalogger was programmed 
to measure the voltage and temperature at set intervals, typically five-minute intervals, but on 
occasion, could be as short as 30 s. When the datalogger cache was nearly full, the M50 
program was paused and the data was transferred to a PC using a DOS-based M50 transfer 
routine. The data summary was printed out and retained. The transferred data were saved on 
disc then imported to an EXCEL spreadsheet file. The integrity of the data transfer was verified 
by comparing the data maximum, minimum, average and number of points calculated within the. 
EXCEL sheet to the printout data from the M50 datalogger. 

A Sony DXC-930 digital camera was used to obtain digital images of the specimens. The 
camera was connected to a Pro-Series MV frame grabber board in a Pentium III 866 MHz PC. 
The images were captured using the commercially available Image Pro Plus Version 4.1 software 
package. No image processing was performed except to label the images. 

Visual examination was enhanced using a low power Zeiss stereomicroscope with a maximum 
100 X magnification. Microscopic examination was performed using an Olympus BX60M 
microscope with a polarizing filter and analyzer. Bright field and dark field images could be 
obtained. The digital camera was connected to the microscope to record the images. 
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Scanning Electron Microscope (SEM) examinations were performed using a JEOL JSM-6300V 
SEM using a tungsten filament electron source. The SEM used VISIONS Version 1.00.01 
software for instrument control and image capture. Elemental analysis was performed with an 
Oxford Instruments LINK ISIS (version 3.2) Micro Analysis Tower system energy dispersive 
X-ray spectrometer (EDX) with a Category C Pentafet Si(Li) slide-mounted ultra-thin-window 
ATW detector. 

3,4 Solutions 

All solutions used in this study were prepared using Analar, or equivalent grade, chemicals 
(>99% purity) and high purity millipore filtered water. The millipore water resistance was 
18,2 MO-cm. The solution compositions were determined by quantitative analysis performed by 
the Analytical Science Branch (ASB) at WL. The ASB is on the U.S. DOE Yucca Mountain 
Project qualified supplier list for chemical analysis. 

The simulated ground water solutions were prepared following LLNL Technical Implementation 
Procedures (TIPs) as guidelines. Periodic addition of millipore water was required to make-up 
the solution volume to compensate for evaporative loss during the course of the experiment (see 
below). Generally, 100 mL aliquots of water were added. The solutions were difficult to 
prepare and handle because large quantities of precipitate formed in the hot solutions. Initially, 
the solutions were continuously stirred, but eventually the precipitate exerted sufficient drag on 
the stirbar that stirring became ineffective and the precipitate settled to the bottom of the vessel. 
For the later experiments, stirring was not continuous, but applied only periodically during the 
experiment, e.g., when make-up water was added to the experiment. 

Only three solutions were prepared: prior to experiment runs YMP2, YMP6 and YMP7. 
Following each experiment, the solution was sampled and analyzed. Prior to the start of an 
experiment (YMP4, YMP5, YMP8 and YMP9), miilipore water was added to the cell to 
replenish the solution volume. 

3.4.1 Initial Preparation of Simulated Concentrated Water 

Simulated Concentrated Water (SCW) was prepared following LLNL TIP CN-TIP-CM-07-0-2. 
The target composition is given in Table 3. The solutions were prepared in I L batches in a 1 L 
Erlenmeyer flask. The chemicals used were NaHCOs, NaF, Na2S04, Na2Si0^9H20, KC1, 
KHC03, Ca(N03)2«4H20, HC1, CaCl2*7H20, H2S04> MgS04 and CaC03. Both the order of 
addition and the timing of the additions were varied in an attempt to develop an easily handled 
solution. The final procedure used is described below. When chemicals were added to the 
solutions gradually, a small aliquot of solid was added and allowed to fully dissolve before 
adding a further aliquot of solid. When chemicals were not added gradually, the entire required 
mass of chemical was added to the solution at once. One liter of water from a volumetric flask 
was poured into the glass cell to be used in the corrosion experiment, and the liquid level was 
marked using an indelible marker. The liquid was poured out of the cell. The cell was cleaned 
and dried as required prior to the experiment. 
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Table 3, Target Concentrations for SCW Test Solution at 90° C* 

Species Concentration 
mg-L"1 

Ca <1 
Mg <1 
Si 49 

N O 3 6400 
S O 4 16700 

F 1400 
Na 40900 
K 3400 

HCXh 70000 
a 6700 

* From CN-TIP-CM-07-0-2, page 3, 

The sodium salts were always added to the solution first. Initially, the calcium salts were added 
following the sodium salts, but this produced large volumes of precipitate. It was not possible to 
determine when the subsequent addition of soluble salts was complete, i.e., the salt was 
dissolved. The order of salt addition described in the previous paragraph was finally adopted 
because a clear solution was obtained prior to the addition of the Ca- and Mg-containing salts. 
The order of the Na and K salt addition was not important as long as these salts were added 
before the Ca{N03>2. Similarly, the order of adding the Ca and Mg salts or the acids was not 
important, as long as they were added at the end of the process. 

Approximately 500 mL of millipore water was heated to -70 °C and was constantly stirred using 
a magnetic stirbar. The requisite mass of NaHCOs was gradually added to the warm water. The 
final aliquot was allowed to dissolve overnight. The temperature of the solution was increased to 
-80 °C and NaF was gradually added to the solution. Once all the NaF was dissolved, Na2S04 
was gradually added to the solution. When fully dissolved, Na2Si03*9H20 was added to the 
solution followed by a gradual addition of KC1. The KHCO3 was then added to the solution. 
Ca(N0^)2#4H20 was added to the solution and precipitate was immediately formed. The 
solution was acidified with the required amount of HQ before adding CaCl2*2H20. This 
solution was left overnight to allow further dissolution, but the solution remained cloudy. The 
solution was further acidified by adding HoSO,*, 

The required mass of MgS04*7H20 and CaC03 were added to the bottom of the glass cell. A 
magnetic stirbar was also placed in the cell. The solution prepared in the Erlenmeyer flask was 
stirred to ensure that the precipitate was suspended in solution. This cloudy solution was then 
poured into the glass cell, and the resultant slurry was swirled to dissolve the Mg and Ca solids. 
Millipore water was added to the cell to bring the solution level to the 1 L mark. The glass cell 
was placed in the heating mantle, the cell head was clamped into place, a condenser was fixed 
into position, the thermocouple was sealed into position and the remaining penetrations were 
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capped. The condenser was cooled to minimize evaporative losses from the cell. The top of the 
condenser was closed with a glass joint connected to a long length of FIFE tubing. The free end 
of the tubing was immersed in a "water bath" to allow pressure equalization inside the vessel 
while minimizing the backflow of oxygen into the cell. Oxygen could not be excluded from the 
cell, but replenishment would be slow. The solution was heated to 90 °C with stirring. The 
system was allowed to equilibrate overnight before introducing electrodes and starting the 
corrosion experiment. 

The analysis before and after the addition of 300 mL of water following experiment YMP2 
indicates that the amount of water added to reconstitute the solution is reasonable. The solution 
concentration decreased by a factor of <2 following the addition of 300 mL of water, to produce 
a final solution volume of ~1 L, compared to the 2.3 times dilution. 

3.4.2 Measured Solution Composition 

Experimental series YMP2-YMP5Î, YMP6and YMP7-YMP9 were each performed in one 
solution, with water added to compensate for evaporative loss during the course of a single 
experimental run. The solutions were sampled at temperature using a "dipper" which consisted 
of a plastic bulb attached to a 30 cm-long, sheathed, 3 mm-diameter Hastelloy C276 rod. The 
bulb was folly submersed into the solution then withdrawn. No attempt was made to remove any 
precipitate that may have been present in the sample. The solution was immediately poured into 
a graduated cylinder and weighed. The mass and volume of the sample were recorded and the 
sample was submitted to ASB for chemical analysis. The results of these analyses are given in 
Appendix B. The sampling and transfer was sufficiently rapid that the solution did not cool and 
precipitation was minimal. In one experiment (YMP7), an attempt was made to suspend the 
precipitate in solution prior to sampling so that the total chemical constitution of the solution 
could be determined. These analyses are noted in Appendix B. 

A significant volume of precipitate was present in the sample prior to the chemical analysis. 
Analyses of experiments YMP2-YMP5 were complicated by the copious precipitate. Aliquots 
for Ca, Mg and Si analysis were extracted from the solution samples from experiments 
YMP6-YMP9 and were acidified to ensure that all the cations were dissolved in the analyte. A 
similar acidification of aliquots from YMP7-YMP9 was performed prior to F analysis to 
minimize measurement drift during the F analysis. The F analysis for YMP2-YMP6 may have 
larger measurement error than that reported in Table 4 and should be viewed with caution. No 
other changes to the solution analysis procedure were noted. 

f Expérimentai series YMP2-YMP5 includes experiments YMF2, YMP4 and YMP5 only. These experiments were 
performed in the same solution first prepared for experiment YMP2. 
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Table 4, Measured Concentrations for SCW Test Solution at -90 °C* 

Run Temper-
ature 

"C 

Experi-
ment 
Dura-
tion 
h 

Component 

Comment 

Ca Mg Si NOs SO, F Na K HCOs Ci 

YMP2 80-94 624 Before dil'n 4.2 ±0.4 <0.3 2700 ±270 12400 ±1200 23000 ± 2300 2300 ±230 73000 ± 7300 6700 ±670 69500 ± 3500 12800 ±1300 

300mL 2.4*0.2 10 ±1 1760 ±180 7300 ±730 13400 ±1300 1070 ±110 42000 ± 4200 3900 ±390 41500 ±2100 7900±790 
added 

YMP4 74-88 332 Before dil'n 0.185 ±0.019 <0.01 220 ±22 10900 ±1100 21000 ±2100 1930 ±190 67000 ± 6700 5800 + 580 55800 ± 2800 11600 + 1200 

VMP5 74-89 332 After test 0.25 ±0.03 0.4 ±0.04 183 ± 18 11300 ±1100 20000 ± 2000 1890 ±190 67000 ± 6700 5800 ±580 52900 ± 2600 12000 ±1200 

YMP6 89-95 479 Before test noGC 89 ±9 45 ±5 6000 + 600 10800 ±1100 700 ±70 38000 ± 3800 3100 ±310 51500 ± 2600 6400 ±640 
After test 3.3 ± 0.3 1.143:0.11 190 ± 19 6500 ±650 17300 ±1700 1470 ±150 37000 ± 3700 3100 ±310 47100 ± 2400 7000 ±700 

YMP7 88-100 571 With ppt. 1720 ±170 250 ±25 87 ±9 5700 ±570 15200 ±1500 640 ±64 34000 ± 3400 2700 ±270 44800 ± 2200 6000 ±600 
No ppt. 19.5 ±2.0 14.6 ±1.5 33 ± 3 5800 ±580 15500 ±1600 590 ±59 34000 ± 3400 2800 ±280 42500 ±2100 6200 ±620 
After test 2.7 ±0.3 0.35 ±0.04 1100±110 5700 ±570 15300 ±1500 940 ±94 34000 ± 3400 2700 ±270 34400 ±1700 6100 + 610 

YMP8 89-100 603 After test 2.2 ±0.2 0.18 ±0.02 2500 ± 250 5400 ±540 14500 ±1500 950 ±95 33000 ± 3300 2800 ± 280 28700 ± 1400 5900 ±590 
YMP9 89-100 503 After test 1.2 ±0.1 <0.25 3300 ±330 5900 ± 590 16100 ±1600 1010 ±100 35000 ± 3500 2900 ±290 29200 ±1500 6400 ±640 
Target 90 <1 <1 49 6400 16700 1400 40900 3400 70000 6700 

* From CN-TIP-CM-07-0-2, page 3 
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The measured solution compositions for aliquots sampled at the experiment temperature are 
given in Table 4. A comparison of the concentration of NO3, SO4, Na, K and Ci for experiments 
YMP6-YMP9 showed no statistical difference at a 0.95 confidence level. The target 
concentration was achieved at the 0.95 confidence interval for YMP6 but was consistently lower 
for YMP7-YMP9. A similar comparison of the concentrations for these species for experiments 
YMP2-YMP5 also showed no statistical difference at a 0.95 confidence level, except for YMP2 
following the addition of 300 mL water. The analysis following the water addition showed 
consistently lower ionic concentrations compared to the undiluted solution. The diluted solution 
concentration was statistically the same as the concentration for YMP6 at a 0.95 confidence level 
and was at the target concentration except for K and CI. The latter two species had a 
concentration higher than the target value. However, the solutions for experiments 
YMP2-YMP5 were consistently more concentrated than both the target value and those from 
experiments YMP6 and YMP7-YMP9. The difference may be a result of the hot sampling 
procedure - the early experiments may have contained more precipitate in the aliquot submitted 
for chemical analysis than the later experiments. The practice of stirring the solution during 
sampling was stopped in the later experiments because of the inconsistent stirring action that 
resulted from the abundant precipitate formed at the bottom of the experimental cell. 
Consequently, it is felt that the solution analysis for experiments YMP6 and YMP7-YMP9 are 
representative of the solution concentration of SCW at 90 °C. 

The measured concentration of F was variable. The target F concentration was measured 
following experiment YMP6. The concentrations following experiments YMP7-YMP9 were 
statistically the same at a 0.95 confidence level and significantly below the target value. The F 
concentration following experiments YMP2-YMP5 also were statistically the same at a 0.95 
confidence level but were significantly higher than the target value. The latter values were 
subject to drift during the analysis because of the high solution pH. Consequently, there is some 
doubt regarding the reproducibility of the values for YMP2-YMP5. 

The concentration of HCO3 was also below the target value and appealed to decrease with time. 
The inclusion or exclusion of precipitate from the initial solution aliquot did not influence the 
measured concentration. 

The measured concentrations of Ca, Mg and Si showed significant diversity. The concentration 
of these species was measured for aliquots of fresh solution (before YMP7) containing 
precipitate and supernatant only. The results show that the precipitate is largely a Ca/Mg/Si 
oxide/hydroxide precipitate. The relatively high concentration of Ca, Mg and Si in the 
supernatant suggests that some fine colloidal precipitate was included in the "solution only" 
sample. The Mg concentration following each test met the target value (except for YMP6, which 
was slightly higher than the target). This suggests that the Mg content tended to remain in the 
precipitate that settled at the bottom of the experimental solution and was not readily suspended 
in solution. The variability and generally high concentration of Ca and Si suggest that fine 
colloidal particles were suspended in the test solution. 

Experiments YMP2-YMP5 and YMP7-YMP9 were performed in one solution with water added 
to compensate for evaporative loss. The consistency of the measured solution concentrations 
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indicates that the addition of make-up water was consistent and sufficient to compensate for 
evaporative loss. 

The addition of excess salt to produce SCW solutions introduces sampling difficulties that are 
associated with controlling the amount of precipitate in the hot aliquot. Chemical analysis 
indicates that the solution composition is controlled by the solubility of the multicomponent 
brine. The concentration of species, except silicon and bicarbonate, are sufficiently close to the 
target concentrations to produce representative corrosion behavior of the materials tested. The 
high silicon concentration reflects the inclusion of precipitate in the sample and is not 
representative of the solution concentration. The effect of the low carbonate concentration on 
crevice corrosion of these materials is uncertain; however, for the low target concentration and 
the complexity of the brine, the difference in concentration is unlikely to change the crevice 
corrosion behavior of the materials tested. 

The results of the solution analysis indicate that consistent solution compositions were used for 
all the experiments, although the target solution concentrations may not have been achieved. 

3.5 Procedure 

The solution level of the prepared test solution was checked and millipore water was added if 
required. A test solution was reused for several experiments. Heat was applied to the cell and 
the temperature was monitored. When the temperature stabilized at the desired value the 
remaining electrode components were introduced into the cell. 

A prepared Ag/AgCl reference electrode was verified to assure the correct reference electrode 
potential. The Ag rod was then carefully fed through a small hole in a Teflon cell cap. The 
electrode was positioned at a distance from the bottom of the cell cap so that only small 
adjustments to the position were required in the cell. The creviced electrode was removed from 
the crevice-forming solution and the feed-through rod was carefully fed through a small hole in 
another Teflon cell cap. The electrode position was arbitrary, but it was positioned to ensure that 
it remained below the solution level for the duration of the experiment. A cap from the cell head 
was removed and the reference electrode was inserted into the cell, after which the connector 
was tightened to seal the port. A second cap in a location close to the reference electrode was 
removed and the crevice electrode was inserted into the cell and sealed into place. The 
positioning of the two electrodes was adjusted to ensure that the tip of the reference electrode 
wick was located close to the crevice electrode. The electrodes were connected to the 
electrometer. The M50 data acquisition was started. 

The solution level of the cell was monitored visually and periodic addition of millipore water 
was required to replace evaporative loss of solution. 

Upon completion of the experiment, the crevice specimens were removed from the hot solution 
and were immediately immersed in a Dewar flask of liquid nitrogen to freeze the coupon. The 
working electrode port was capped to prevent further evaporative loss. The creviced electrode 
was removed from the liquid nitrogen after about five minutes of immersion; compete freezing 
of the specimen was indicated by the cessation of boiling. The clip was removed and the 

AECL- 12167REV00 



specimen was quickly pried apart. pH indicator paper was laid on the crevice face of the coupon 
connected to the feed-through rod, the mating coupon was replaced to loosely reform the crevice 
and the assembly was placed in a small dry box with a slow flow of nitrogen, A small weight 
was placed on the specimen to ensure good contact with the indicator paper. The box was closed 
and the specimen was allowed to warm to room temperature. After about five minutes, the 
specimen was carefully removed from the dry box and placed on a photographic copy stand. A 
colored background paper was used to provide image contrast. The crevice was carefully 
reopened, taking care not to disturb the indicator paper. The specimen was then imaged with the 
indicator paper in place and with the indicator scale included in the image. The digital image 
was stored on hard disk. The indicator paper was removed from the specimen surface and the 
coupon crevice surface visually examined, imaged and recorded. 

The feed-through rod was removed from the specimen and the coupons were placed in a 
desiccator to dry. The reference electrode was removed from the cell and its potential was 
verified. The solution was sampled and submitted for analysis. The cell volume was replenished 
if required and the cell was prepared for another corrosion experiment. All cell ports were 
capped to minimize evaporative loss. 

The dried coupons were weighed, in triplicate, as an assembly and then individually. The final 
mass measurements occasionally were erratic as a result of salt deposits falling from the 
specimens, Care was exercised to avoid disturbing loose material on the specimens. The 
specimens were visually reexamined. Further microscopic examination and imaging was 
performed if desired. Following examination, the specimens were placed in a labeled container 
and stored in a desiccator for future reference. Initially, the salt was not washed from the 
coupons and the coupons were not otherwise cleaned following the experiments. Subsequently, 
further cleaning of specific coupons was requested. 

A further cleaning of the specimens from experiments YMP2, YMP5, YMP6 and YMP8 was 
performed to remove the adherent salt deposit. The specimens were placed in a small volume of 
distilled water and were subjected to ultrasonic cleaning. The specimen bath-water was labeled 
and retained for future analysis if required. The 316 stainless steel coupon from experiment 
YMP2 was brushed with a wet soft-bristle toothbrush. The gentle scrubbing of this specimen 
removed the salt deposit but left scratch marks that were visible under low magnification. No 
other specimens were subjected to this abrasive treatment. A tissue soaked with distilled water 
was used to wipe the specimens and remove tightly adherent deposit; this did not scratch the 
surface. This technique is commonly used in metallographie specimen preparation. This work 
demonstrates that this cleaning method could be used for persistent deposits. For the work 
reported in this paper, ultrasonic cleaning removed sufficient salt deposit to produce a visibly 
clean surface. 

Following the second cleaning, the specimens were dried and weighed as before. The surfaces 
were reexamined using visible light microscopy and SEM. The SEM specimens were mounted 
in a vise mount and were not coated. Care was taken to avoid damage to the surface of the 
specimens. 
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4, RESULTS AND DISCUSSION 

The experimental results can be divided into two groups based upon the type of crevice: tight 
crevices (metal-to-metal) and open crevices (containing the spacer). Individual raw digital 
images are provided in Appendix D, A general visual observation for all experiments is that the 
titanium coupons, both the Grade-16 and Grade-7, were more tarnished than their 316 stainless 
steel or Alloy 22 counterpart, regardless of the crevice configuration (see Figures 3 and 4). The 
tarnish coloration, a yellowish tinge to the coupon, was highlighted when the coupon was 
oriented at an appropriate angle to the light. This indicated a thin tarnish layer and only slight 
corrosion. The 316 stainless steel and Alloy 22 coupons were shiny, with an occasional hint of 
cloudiness that may be a salt haze rather than tarnish. The Grade-16 titanium coupons appeared 
to be more tarnished when exposed in the tight crevice condition than in the open condition 
whereas the Grade-7 titanium coupons were tarnished to the same degree for both types of 
crevices. The increased tarnish observed for the Grade-i6 titanium coupons may be a result of a 
longer exposure and not a consequence of a more aggressive crevice chemistry. 

Figure 3. Digital image of crevice faces for all tight crevice experiments. The experiment 
run is listed along the Left side of the image, and the coupon material is listed at the top of 
the image. 
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Figure 4. Digital image of crevice faces for all open crevice experiments. The experiment 
run is listed along the left side of the image, and the coupon material is listed at the top of 
the image, 

4.1 Tight Crevice Experiments 

Experiments YMP2, YMP4 and YMP5 were performed using tight crevices in which the metal 
faces of the coupons were in full contact. The volume of solution trapped in the tight crevice at 
the end of the experiment was small and insufficient to wet the entire length of the pH indicator 
paper. The fully wetted regions were dark, indicating a pH between 9 and 10, with reddish to 
pinkish speckles (see Appendix E). Some of the regions are difficult to observe on the printed 
image. The regions have been roughly indicated by arrows on Figure 5. The red coloration was 
distinct from the dry indicator paper and suggests that acidification of the crevice could have 
occurred, The indicated pH was approximately 3, If the acidification was highly localized 
within the crevice, as suggested by the speckled nature of the indicator paper, then the actual 
localized pH may be diluted during the measurement by a larger solution volume in the 
surrounding crevice region. Table 5 lists a qualitative analysis of the lowest indicated pH, It is 
not possible to estimate the extent of the low pH region or even the minimum pH because of 
possible dilution effects that arise during the measurement. 
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Figure 5. Crevice pH for tight crevice experiments. Example of pH measurement for a 
light crevice showing the incomplete wetting of the crevice {salmon colored area). The 
yellow arrows point to regions where indications of low-pH speckles were observed. 

A visual examination of the crevice faces (see Figure 3) indicated the presence of salt on the 
surface. The amount of salt deposited on a particular material appeared to be random and did not 
correlate with a particular material or with the coupon orientation during the thawing phase. 
Tarnishing of each specimen was evident, although the coupons retained a shiny appearance and 
the polishing marks were evident. The bright-field images of the coupons following experiments 
YMP4 (TÏ-16/A-22) and YMP5 (Ti-7/A-22) showed that the Alloy 22 crevice face was darker 
than the titanium face. It was difficult to determine the degree of tarnish for YMP2 
(316SS/A-22) because of the presence of a thin but tightly adherent white salt layer. The 
Alloy 22 surface of YMP5 appeared to be the darkest tarnish, suggesting the most corrosion. 
This is supported by the larger weight change (see Table 6) compared with YMP2 and YMP4. 
Green deposits were noted on the Alloy 22 surface of YMP4 along with two strips of corrosion 
along the outside edges of the coupon. 

Table 5. Estimate of pH of Crevice Solution Based on pH Paper Color 

Test Bulk pH Estimated Area 
of Low pH! 

YMP 2 9 A 
YMP 4 9 to 10 C 
YMP 5 9 to 10 B 
YMP 6 9 A 
YMP 7 9 to 10 B 
YMP 8 9 B 
YMP 9 9 C 

t The fractional area of the wetted portion of the pH paper indicating a pH of 1 to 2 was divided 
into three broad categories where A was <50%, B was between 50 and 60%, and C was >60%. 

The weight change following each experiment is given in Table 6. The small average weight 
change indicates that little corrosion occurred on the crevice faces. The weight change of the 
assembled coupons is given in Appendix C but was not used in this analysis. The assembled 
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weight change tends to be more susceptible to errors resulting from accidental loss of material 
adhering to the clip. Some material loss can occur upon disassembly of the crevice; for the tight 
crevices, the material lost from the sample itself was small. The error - given as 1 standard 
deviation around an average of 3 measurements - for the Grade-16 titanium coupon of YMP4 
demonstrates the difficulty in performing simple weight change measurements. The large error 
arises from one measurement that was lower than the remaining two measurements, but that 
could not be attributed to material loss. 

All the coupons showed a slight weight gain after the experiment but before further cleaning. 
Subsequent cleaning of the specimens removed most of the salt from the coupon, but only two 
specimens showed a net weight loss following cleaning (see Table 6), A small weight gain is 
consistent with an early stage of passive corrosion, when the oxide film grows with an 
insignificant amount of metal lost to solution. For such conditions, a meaningful conversion of 
the weight change data to a corrosion rate would require that the chemical composition of the 
film be established to convert the mass of oxygen reacted at the surface to a thickness of the 
metal layer reacted. Such compositional analysis would require clean coupons and is beyond the 
scope of this work. Consequently, a simple rate calculation was performed based purely on the 
weight change. The values in the last column of Table 6 do not represent a measured corrosion 
rate. The rate calculation allows a normalization of the weight gain data for coupons treated in a 
similar fashion. The specimens from experiments YMP2 and YMP5 were washed to remove 
deposits adhering to the coupons. The weight change data in Table 6 shows that much of the 
initial weight gain was due to salt deposition and not corrosion. However, a measurable net 
weight loss was observed only for the Alloy 22 specimen (experiment YMP2), and the weight 
loss corresponds to a corrosion rate of 0.31 ± 0.14 ftm-y'1. This value is near the maximum 
uniform corrosion rate of 0.16 lim-y* predicted by Farmer and McCright (2000) for Alloy 22 
exposed to various simulated concentrated solutions, including SCW, at temperatures up to 
90 °C. The alloy density used for the calculation is given in Table 7. 
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1 able 6.. Corrosion Rate Data for Crevice Corrosion Experiments 

Experiment Material A Weight' 
mg 

A Weightn 

<«g Area 
cm2 

Time 
h 

Rate"' 

YMP2 Alloy 22 0.47 ± 0.06 -0.06 ± 0.03 3.166 624 -0.7 ± 5.3* 
316 SS 0.43 ± 0.13 0,20 ±0.13 3.135 624 2,5 ± 1.6? 

YMP4 Alloy 22 0.06 ± 0.05 ND 3.152 332 1.4 ± 1.2 
Ti gr.16 0.11 ±0.27 ND 3.111 332 3 ± 6 

YMP5 Alloy 22 0.93 ±0.22 0.27 ± 0.06 3.053 332 6.4 ± 1.5* 
Ti gr.07 0.44 ±0.15 -0.02 ± 0.06 3.136 332 -0.5 ± 1.5* 

YMP6 Alloy 22 13.36 ±0.02 0.27 ± 0.04 3.131 479 4.3± 0.7* 
316 SS 24.52 ±0.10 0.37 ± 0.08 3.143 479 5.9 ± 1,2* 

YMP7 Alloy 22 25.10 ±0.92 ND 3.147 571 335. ± 12 
Ti gr.16 19,31 ±0.03 ND 3.141 571 258.4 ± 1.7 

YMP8 Alloy 22 6.13 ±0.18 0.57 ± 0.07 3.155 503 8.6 ± 1,1* 
Ti gr.07 17.95 ±0.04 0.16 ± 0.02 3.137 503 2.4 ± 0.3+ 

YMP9 Ti gr.I6 8.61 ± 0.04 ND 3.144 503 130.7 ± 1.0 
316 SS 9.16 ±0.12 ND 3.121 503 140.0 ±2.0 

t The error is given as 1 standard deviation of an average of 3 measurements, 
? Value following further coupon cleaning. 
* The error in area was estimated as 0,4%, and the error in time was estimated as 0.5%. 

Table 7. Density of Metal Alloys 

Alloy Alloy 22r 316 Stainless Grade-7 Grade-16 
Steel' Titanium* Titanium 

Density / g-cm'3 8.69 7.98 451 4.51 

t From Baboian 2002. 
$ From Lampman 1990. 
* Assumed to be the same as Grades-2 and -7 titanium. 

4.2 Open Crevice Experiments 

A wider crevice was designed to increase the solution volume within the crevice and possibly 
improve the pH measurement. The crevices were wider at the top than at the bottom, and a 
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gradation in crevice behavior was expected, Crevice corrosion was expected near the bottom of 
the coupon, where the crevice width decreased and a tight crevice formed. A previous report 
(Farmer and McCright 2000) indicated that a crevice gap >0.1 mm did not produce sufficient 
crevice acidification for crevice corrosion of Alloy 22. In general, little acidification was noted 
for any of the open crevice experiments (see Table 5 and Appendix E). However, the indicator 
paper might not detect a low pH in the narrow part of the crevice because of dilution by the 
larger volume of solution trapped in the upper portion of the crevice. Experiments YMP6 
(A-22/316SS) and YMP8 (A-22/Ti-7) showed some indication that a lower pH may have been 
achieved in the middle of the coupon (see Figure 6), but the indication is not clear and is open to 
interpretation. 

Figure 6. Crevice pH for open crevice experiments. Example of pH measurement for a 
tight crevice showing the incomplete wetting of the crevice (salmon colored area). The 
yellow circles indicate regions where low-pll speckles were observed. 

The dried coupons were covered with salt deposits, which as observed for the tight crevices, 
tended to adhere more strongly to one coupon. The coupon weight changes are given in Table 6 
and Appendix C. All coupons showed an initial weight gain and were visibly coated with salt. 
Part of the weight gain could be a result of oxide growth, but comparisons are more difficult 
because of the obvious salt deposition. Ultrasonic cleaning of some specimens (see Table 6) 
confirmed that the initial weight change was dominated by the presence of salt deposits (compare 
columns 3 and 4 of Table 6). The net weight change data following cleaning suggests that not all 
the salt was removed by ultrasonic cleaning. 

The photographs of each specimen fire presented in Figure 4 and Appendix D. The salts on 
Alloy-22 or 316 stainless steel containing crevices showed regions of pink or salmon color, with 
some pink or green deposits visible. For YMP8 (A-22/Ti-7) the deposit was whiter with some 
darker, tan colored regions, but it did not have a concentrated pink deposit. The pink coloration 
on the YMP8 specimens was weaker and scattered throughout the crevice region, although a thin 
layer of pinkish-colored regions was observed near the crevice spacer. This coloration was 
absent for the tight crevices and may indicate that iron and/or nickel from metal corrosion may 
be incorporated into the salts found inside the crevice. Only a small amount of metal cation may 
be required to change the color of the salt. 
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All the specimens were tarnished but remained shiny, and the polishing marks were often visible 
through gaps in the salt layer. The titanium specimens tended to be more uniformly tarnished 
than the Alloy-22 or 316 stainless steel specimens. The Grade-16 titanium specimen (YMP7) 
may have suffered more corrosion at the bottom of the specimen where a tight metal-to-metal 
crevice was formed, In contrast, the Grade-7 titanium specimen (YMP8) may have suffered 
more corrosion under the PTFE crevice spacer at the top of the specimen. 

Visual examination of the coupons indicated that the least corrosion occurred during experiment 
YMP9. Both the Grade-16 titanium and the 316 stainless steel specimens showed little salt 
deposit, although a concentrated deposit was observed in the middle of the crevice. The deposit 
adhered mainly to the 316 stainless steel specimen and was pinkish in color with green and white 
regions, The center of the coupon showed the greatest concentration of green deposit. 

The amount of tarnish observed on the 316 stainless steel specimens was compared for 
experiments YMP9 and YMP6. The 316 stainless steel was coupled to Alloy-22 for YMP6 and 
to Grade-16 titanium for YMP9, It was anticipated that the latter couple would show more 
corrosion because the metals are the two least corrosion resistant materials of those tested. It 
appears that coupons were less tarnished following YMP9 than YMP6. This observation is 
supported by smaller weight changes for the specimen following YMP9 than YMP6 (see 
Table 6), 

Microscopic examination at 500X magnification revealed dark, circular spots on the 
316 stainless steel specimen after YMP6 (see Figure 7). These spots were not apparent 
following YMP9, The density of the spots, i.e., the number of spots per unit area of the crevice, 
appeared to be consistent along the length of the crevice. However, the spots were between ten 
and a hundred times smaller near the top of the crevice than in the center. The small spots near 
the crevice spacer were - 1 pm in diameter. 

The dark spots are consistent with metastable pitting, that is, pit initiation before stable 
propagation. However, they were not readily apparent following further cleaning of the 
specimens suggesting that they are inhomogeneities in the salt layer, possibly caused by a 
separation of anodic and cathodic reactions. Similar spots were visible under SEM examination, 
but not as clearly defined nor as plentiful. 
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Figure 7. Micrographs of 316 stainless steel crevice face following exposure to SCW at 
90 °C. The specimen was coupled to an Alloy 22 coupon during the exposure. (A) Visible 
light micrograph (700 X) before cleaning the specimen showing the presence of dark spots 
covering the surface; and (B) SEM micrograph of specimen following cleaning showing 
fewer spots. 
5 SEM magnification (X2.000) refers to the original image and not the image reproduced in this 
figure. 

4.3 Surface Analysis 

The cleaned specimens were examined under visible light microscopy to verify that the salt 
deposits were removed from the surface. As discussed above, the 316 stainless steel specimen 
from experiment YMP2 was scratched by brushing with a soft bristle brush. The uriscratched 
surface showed some staining, and differential contrast analysis suggested that the surface layer 
was non-uniform - either a variation in thickness or composition. The specimen was not 
examined further. 

Visible light microscopy showed that most of the deposits were removed from the specimens 
although small, isolated particles remained scattered over the surface. The Alloy 22 specimen 
from experiment YMP5 appeared to preferentially retain small deposits along grain boundaries. 
The 316 stainless steel specimen from experiment YMP6 showed the presence of pits with 
depths of 2 to 3 fxxn. No other corrosion damage was visible on any of the remaining specimens. 

The SEM examination of the crevice surface showed a surprising demarcation of regions that 
corresponded to the boundaries of the initial salt deposits. The crevice former line was clearly 
visible on the SEM image. The EDX analyses of the various surface regions were the same 
indicating that the electron contrast of the image was the result of a thin surface layer. It could 
not be determined if the layer was a residual salt deposit, a region of selective corrosion, or an 
irregular oxide. Specimen charging and electron-beam damage to the specimens was consistent 
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with an oxide layer on the surface. The EDX analysis of the bare surface showed that oxygen 
was present, but as a minor elemental component. 

The initial polishing marks were clearly visible on the S EM images of the Grade-7 titanium 
specimens suggesting that little corrosion occurred. The lower portions of the specimens 
appeared rougher while a smoother portion of the surface corresponded to the yellow tarnished 
area of the coupon. Small dark spots on the SEM images corresponded to silicon-rich deposits 
on the surface. These observations indicate a small amount of uniform-type corrosion in the 
crevice. 

The SEM images of the Alloy 22 specimens are generally unremarkable. Regions with a stained 
appearance are present over the entire surface. Closer examination of these regions was not 
possible because the SEM could not focus on the surface suggesting the presence of an oxide 
layer, Dark patches were apparent on the surface but did not have a sharp edge suggesting that 
they were shadows of deposits and not depressions in the metal. The EDX analyses of these 
patches were consistent with the base metal composition. 

The SEM images of the 316 stainless steel specimen from experiment YMP6 showed clear 
demarcation of the surface. Solution seepage under the crevice spacer was clearly apparent. 
EDX analysis suggested the presence of a silicon-containing film covering patches of the 
surface. Numerous small (< 5 in diameter) particles rich in Si, Mg, C and O were observed 
on the surface. A salt containing these components, possibly as a carbonate or silicate, would be 
difficult to remove by dissolution in water. 

The SEM analysis of the 316 stainless steel specimen confirmed the presence of pits on the 
crevice surface. Open pits, -20 |im in diameter, were found on the surface. The pits appeared to 
be cracked (see Figure 8). It was not possible to determine if the image was of the bottom of a 
shallow pit or an oxide packed in the pit. The EDX analysis of the pit interior confirmed the 
presence of the alloy elements but did not detect electrolyte salts or oxygen (see Figure 8Cj). if 
these pits were a result of localized corrosion inside the crevice, the oxide or salt cap had been 
removed and any interior salt deposit had washed out of the pit. 

In general, the SEM analysis confirms the weight change data. Little localized corrosion 
occurred during these experiments. 

AECL-12167REV00 



- 2 8 -

Counts 
3ûCO-f F« 

2000: 

1(XXh 

Cr 

/I? I 1J \ ifi 1 J\ A pa; •̂ ŝ wVi"' If V V ^ 
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Figure 8. SEM micrograph of two pits on 316 stainless steel specimen WE-1S2Â from 
experiment Y MP6. (À) A typical round pit with some cracking and poor contrast 
suggesting the presence of oxide; (B) a larger damaged area dearly showing the rough 
nature of the pit; and {€) an EDX analysis performed on the white spot in picture (B). 

4.4 Electrochemical Measurements 

The corrosion potential of the crevice pairs were measured, and the data are reproduced in 
Figures 9 to 15. The corrosion potentials for the tight crevice were more negative than those for 
the same open crevice, although the difference in potential for the Alloy 22/316 stainless steel 
couples may not be significant. The corrosion potential for the tight crevices also tended to 
exhibit more potential spikes than the open crevices, although noise is evident for all crevice 
pairs. The positions on the graphs where a potential spike coincides with a temperature spike 
corresponds to the time at which water was added to the cell; these spikes should be ignored 
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when considering potential noise. The presence of more noise for the tight crevices compared to 
the open crevices suggests that the tight crevices were more active than the open crevices. 

100 200 3 0 0 4 0 0 

Time / h 
5 0 0 8 0 0 7 0 0 

Figure 9, Corrosion potential for experiment YMP2. The blue line is the corrosion 
potential, and the red line is the temperature, The specimens were an Alloy 22/316 
stainless steel couple in a tight crevice geometry, The dotted line Is the estimated steady-
state corrosion potential. Instrumentation errors were encountered between 140 and 200 h 
and are shown as off-scale points on the graph. 
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Figure 10. Corrosion potential for experiment YMP4. The blue line is the corrosion 
potential, and the red line is the temperature. The specimens were an Alloy 22/Grade-16 
titanium couple in a tight crevice geometry. The dotted line is the estimated steady-state 
corrosion potential. The decreasing temperature spike corresponds to the addition of 
make-up water. 
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Figure 11. Corrosion potential for experiment YMP5. The blue line Is the corrosion 
potential, and the red line is the temperature. The specimens were an Alloy 22/Grade-7 
titanium couple in a tight crevice geometry. The dotted line is the estimated steady-state 
corrosion potential. The decreasing temperature spike corresponds to the addition of 
make-up water. 
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Figure 12. Corrosion potential for experiment YMP6. The blue line is the corrosion 
potential, and the red line is the temperature. The specimens were an Alloy 22/316 
stainless steel couple in an open crevice geometry. The dotted line is the estimated steady-
state corrosion potential. The increasing temperature spike corresponds to the addition of 
make-up water. 
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Figure 13, Corrosion potential for experiment YMP7. The blue line is the corrosion 
potential, and the red line is the temperature. The specimens were an Alloy 22/Grade«16 
titanium couple in an open crevice geometry. The dotted line is the estimated steady-state 
corrosion potential. The increasing temperature spike corresponds to the addition of 
make-up water. 
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Figure 14. Corrosion potential for experiment YMP8, The blue line is the corrosion 
potential, and the red line is the temperature. The specimens were an Alloy 22/Grade-7 
titanium couple in an open crevice geometry. The dotted line is the estimated steady-state 
corrosion potential. The increasing temperature spike corresponds to the addition of 
make-up water. The reference electrode malfunctioned during the period where no 
potential data are shown in the figure. 
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Figure 15. Corrosion potential for experiment YMP9. The blue line is the corrosion 
potential, and the red line is the temperature. The specimens were a Grade-16 
titanium/316 stainless steel couple in an open crevice geometry. The dotted line is the 
estimated steady-state corrosion potential. The increasing temperature spike corresponds 
to the addition of make-up water. 
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A "steady" corrosion potential can be approximated by visually drawing a line through the 
regions of the curve where the potential does not change with time (dotted lines in Figures 9 to 
15); these steady values are given in Table 8. For some graphs the steady potential is easily 
approximated, but for most of the experiments the value requires judgment and, consequently, 
the values listed in Table 8 should be considered as approximations. Table 8 and Figures 9 to 15 
show that the corrosion potential tends to fall into one of two regions: potentials between 
-0.3 to -0.4 V and those between -0.5 to -0.7 V. The more negative potentials are indicative of 
reducing conditions within the crevice, and possibly of active, acidic conditions that are 
indicative of crevice corrosion. 

Table 8. Crevice Potential Measured for Various Dissimilar Metal Couples Exposed to 
SCW at 90 °C 

Crevice Materials Corrosion Potential / V 
Tight Crevice Open Crevice 

Alloy 22/316 Stainless Steel -0.35 -0.30 
Alloy 22/Grade-7 -0.54 -0,35 
Allov 22/Grade-16 -0.57 -0,31 
Grade-16/316 Stainless Steel - -0.34 

The dissimilar metals of the crevice pairs form a galvanic couple and the galvanic potential 
should shift to a value between the corrosion potentials for each metal. Farmer and 
McCright (2000) report that the corrosion potential for Alloy 22 in SCW at 90 °C is -0.22 V vs. 
Ag/AgCl (at room temperature1). The corrosion potential for a Grade-16 coupon exposed to 
0.27 mol-L"' NaCl (-9700 pg-gf) solution at 100 °C was -0.162 V vs. Ag/AgCl (at 100 °C) 
(Shoesmith et al. 1995). The corrosion potential for 316 stainless steel exposed to aerated sea 
water at 60 °C was -0.18 V vs. SCE* (Farmer et al. 1988). The corrosion potential observed for 
the crevice pairs does not fall between the corrosion potential for the individual metal coupons in 
aerated saline environments which suggests that simple galvanic coupling does not control 
coupon corrosion potential. The more negative value for the corrosion potential indicates that 
uniform corrosion in an aerated environment also is not controlling the overall corrosion process 
on the coupons. The noise on the potential signals and the corrosion potential values are 
consistent with crevice corrosion of the specimens. However, the measured potentials are more 
positive than those expected for coupons exposed to strong acid solutions, which suggests 
limited activation within the crevice. Such limited activation is consistent with the small weight 
change measured for the tight crevices, the visual appearance of the coupon's crevice surface, 
and the absence of significant acidification as indicated by the pH indicator paper. An exposure 
period longer than 600 h may be required to achieve full activation of the crevice. 

The change in potential for a temperature change from 25 to 100 °C is —0.04 V, not including the thermal junction 
potential, 

* The half-ceil potentials of an SCE at room temperature and an Ag/AgCi at 100 °C are nearly the same, 
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5. CONCLUSIONS 

The crevice corrosion of dissimilar metal couples (Alloy 22 with Grades-7 and -16 titanium and 
with 316 stainless steel) exposed to SCW at 90 °C was studied. Both open and tight crevice 
geometries were used. The specimens did not suffer crevice corrosion, although indications of 
me tas table pitting were found on 316 stainless steel coupled to Alloy 22 in an open crevice 
arrangement. A slight tarnishing of the titanium crevice faces was observed. The 
electrochemical potential and the weight loss data indicate that a small amount of corrosion 
occurred during the experiments. The corrosion rate is at the experimental limit for the weight 
loss measurement. The electrochemical noise also suggests some localized activity. 

The crevice pH was measured using pH indicating paper and showed that the bulk of the crevice 
solution was alkaline, at a pH value that was close to the bulk solution. Small pinkish patches 
were observed locally within the crevice, suggesting small regions of localized acidification to a 
pH < 3. 

These results suggest that crevice corrosion may initiate on the crevice coupons, but the 600 h 
exposure period used in these experiments may not be long enough to promote active crevice 
corrosion. 
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APPENDIX A 

CALIBRATION SERVICES ACCEPTANCE CRITERIA 

Calibration services ordered by this procurement require a Certificate of Calibration to be 
delivered with the equipment. The method of acceptance for this document submittal will be an 
Objective Evidence Review. The information specified below shall be included on the 
Certificate or in the submitted data package: 

a. The purchase order number. 

h. Name of the organization (company) performing the calibration. 

c. Name of the hardware calibrated. 

d. Model number of the hardware calibrated. 

e. Serial number of the hardware calibrated. 

/'. Name or identification of the person performing the calibration and the date, and 
signature of representative responsible for the calibration. 

g. Unique identification (e.g., serial number) of the Reference Standard(s) used to perform 
the calibration. Identification of the calibration equipment used. 

h. Citation of the procedure or instruction, and revision used to perform the calibration. 

i. Statement of traceability to the National Institute of Standards & Technology (NIST) or 
other nationally recognized agency for all standards and equipment used in the 
calibration. 

j, "As found" AND "As left" or "After Calibration" readings. 

k. Environmental conditions and specific readings of each, (e.g., temperature, humidity, 
vibration, background radiation) under which calibration was performed. 

L Date of calibration and recommended frequency of recalibration. 

m. Statement defining manufacturer's specified range or ranges of operation for the hardware 
calibrated, and a statement or clear indication that the hardware calibrated is within 
tolerance in all operating ranges. 

n. A statement that the work was performed in accordance with the purchase order 
requirements and the supplier's QA program, including revision level. 

The instrument shall be tagged in the following manner: 

a. Affix a calibration sticker on instruments which includes the due date, unique identifier 
and the identity of the calibration technician. 

b. Affix "seals" or void stickers over the screws on the instrument to avoid unauthorized 
tampering. 
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APPENDIX B 

SOLUTION DATA 

Table Bl. Test Solution Analysis Data 

i- Com- Concen- 2ct Cross-Ref. Concen- 2 0 Cross-Ref. Concen- 2o* Cross-Ref. 
ponent tration 

ug/g % 
tration 

% 
tration 
Hg/g % 

Before After difn 
dil'n 
Ca 4.2 10 RB p.022 2.4 10 RB p.022 
Mg <0.3 10 RB p.022 10 10 RB p.022 
Si 2700 10 RB p.022 1760 10 RB p.022 

N O , 12400 10 R B p . 0 1 5 7300 10 RB p.015 so4 23000 10 R B p . 0 1 5 13400 10 RB p.015 
F 2300 10 R B p . 0 1 6 1070 10 RB p.016 

Na 73000 10 RB p.016 42000 10 RB p.016 
K 6700 10 RB p,016 3900 10 RB p.016 

HCOj 69500 5 RB p.023 41500 5 RB p.023 
CI 12800 10 R B p . 0 1 5 7900 10 RB p.015 

Before After test 
dilY» 
Ca 0.185 10 RB p.034 
Mg <0.01 10 RB p.034 
Si 220 10 RB p.034 

NO3 10900 10 RB p.032 so4 21000 10 RB p.032 
F 1930 10 RB p.035 

Na 
K 

67000 
5800 

10 
10 

RB p.035 
RB p.035 

HCO-, 55800 5 RB p.033 
CI 11600 10 RB p.032 

After 
test 
Ca 0.25 10 RB p.043 
Mg 0.4 10 R B p . 0 4 3 
Si 183 10 RB p.043 

NO, 11300 10 RB p.046 so4 20000 10 RB p.046 
F 1890 10 RB p.045 

Na 6 7 0 0 0 10 RB p.045 K 5800 10 RB p.045 
HCO, 

C! 
52900 
12000 

5 
10 

RB p.044 
RB p.046 

YMP2 

YMP4 

YMP5 

* 2a Reported analysis error estimate of 2 standard deviations about the reported value. 
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Experi- Com- Concen- 2o* Cross-Ref. Concen- 2o* Cross-Ref. Concen- 2 0 Cross-Ref. 
ment ponent tration tration tration 

M / g % % % 

YMP6 Before After test 
tCM 
Ca no QC 10 RB p.056 3.3 10 RB p.086 
Mg 89 10 R B p . 0 5 6 1.14 10 RB p.086 
Si 45 10 RB p.056 190 10 RB p.086 

NO. 6000 10 R B p . 0 5 9 6500 10 RB p.088 
S 0 4 10600 10 R B p . 0 5 9 17300 10 RB p.088 

F 700 10 R B p . 0 6 0 1470 10 RB p.087 
Na 38000 10 RB p.060 37000 10 RB p.087 
K 3100 10 R B p . 0 6 0 3100 10 RB p.087 

HCO, 51500 5 RB p.055 47100 5 RB p.089 
CI 6400 10 R B p . 0 5 9 7000 10 RB p.088 

YMP7 With N o ppt. After test 
ppt-
Ca 1720 10 RB p.094 19.5 10 RB p.094 2.7 10 RB p. 108 
Mg 250 10 RB p.094 14.6 10 RB p.094 0.35 10 RB p.108 
Si 87 10 RB p.094 33 10 RB p.094 1100 10 RB p. 108 

N O , 5700 10 R B p . 0 9 6 5800 10 R B p . 0 9 6 5700 10 RB p. 109 
S 0 4 15200 10 R B p . 0 9 6 15500 10 RB p.096 15300 10 RB p. 109 

F 640 10 RB p.098 590 10 RB p.098 940 10 RB p . H I 
Na 34000 10 RB p.098 34000 10 RB p.098 34000 10 R B p . l l l 
K 2700 Î0 R B p . 0 9 8 2800 10 RBp.098 2700 10 RB p . l l l 

HCOJ 44800 5 RB p.097 42500 5 RB p.097 34400 5 RB p. 110 
CI 6000 10 R B p . 0 9 6 6200 10 RBp.096 6100 10 RB p. 109 

YMP8 After 
R B p . 0 9 6 6200 RBp.096 6100 RB p. 109 

test 
Ca 2.2 10 RB p. 127 
Mg 0.18 10 RB p. 127 
Si 2500 10 RB p. 127 

NO3 5400 10 RB p. 128 
SO4 14500 10 RB p. 128 

F 950 10 RB p. 129 
Na 33000 10 RB p. 129 
K 2800 10 RB p. 129 

HCO3 28700 5 RB p. 126 
CI 5900 10 RB p. 128 
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TableBl (concluded) 

Experi- Com- Concen- 2a* Cross Ref. Concen- 2cr* Cross Ref. Concen- 20* Cross Ref. 
ment ponent tration tration (ration 

IW'g % % % 
YMP9 After 

test 
Ca 1.2 10 R B p . 1 3 8 
Mg <0.25 10 RB p. 138 
Si 3300 10 RB p. 138 

NO, 5900 10 RB p. 139 
S 0 4 16100 10 RB p. 139 

F 1010 10 RB p. 141 
Na 35000 10 RBp.141 
K 2900 10 RB p. 141 

HCO, 29200 5 RB p. 140 
CI 6400 10 RB p. 139 
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APPENDIX € - COUPON DATA 
Table CL Coupon Data 

Dimension Mass Temp Time 
Run Spec. !D Material Date file Length S Width S Thick « initial S Final S Min Max 

mm mm mm s 9 "C h 

YMP2 WE-
0018 Aitoy 22 YMP2.jaiy22-316C.xis 25.05 0.05 12.64 0.05 3.04 0.05 8.24436 0.00002 8.24483 0,00006 80 94 624 WE-
0018 

Reference 

Reference 

SNp.22 SN p.22 SN p.22 RB p.004 RB p.004 
8.24430' 
SN2 p.28 

0.00002 

WE-
151D 316 SS 25.00 0.05 12.54 0.05 2.94 0.05 7,31327 0.00013 7.31370 0.00003 WE-
151D 

Assembly 

Reference 

Reference 

Reference 

SN p.22 SN p.22 SN p.22 RB p.004 

16.53662 
RB p.004 

0.00001 

RB p.004 
7.31347* 
SN2 p.28 
16.53999 
RB p.004 

0.00002 

0.00013 

YMP4 WE-
001C Alloy 22 YMP4_jaly22-ti16C.xls 24.86 0.05 12.68 0.05 3.06 0.05 8.22706 0.00002 8.22712 0.00005 74 88 332 

WE-
101A Ti gr.16 

Reference SN p.37 

24.99 0.05 

SN p.37 

12.45 0.05 

SN p.37 

2.86 0.05 

RB p.025 

3.97803 0.00006 

RB p.025 

3.97814 0.000260 WE-
101A 

Assembly 
Reference 

Reference 

SN p.37 SN p.37 SN p.37 RB p.025 
13.17336 
RB p.025 

0.00005 
RB p.025 
13.17399 
RB p.025 

0.00006 

YMP5 WE-
002A Affoy 22 YMP6_aly22-li7C.xJs 24.86 0.05 12,28 0.05 3.05 0.05 7.97727 0.00002 7.97820 0.00022 74 89 332 

WE-
051B Ti gr.07 

Reference 

Reference 

SN p.45 

24.95 0.05 

SN p.45 

12.57 0.05 

SN p.45 

3.04 0.05 

RB p.036 

4.28126 0.00006 

RB p.036 
7.97754t 

SN2 p.51 

4.28170 

0.00006 

0.00014 WE-
051B 

Assembly 

Reference 

Reference 

Reference 

SN p.45 SN p.45 SN p.45 RB p.036 

13.23878 
RB p.036 

0.00193 

RB p.036 
4.28124T 

SN2 p.51 
13.24075 
R8 p.036 

0.00002 

0.00009 

YMP6 WE-
002C Alloy 22 YMF8_aly22-316C.xls 24.77 0.05 12.64 0.05 3.05 0.05 8.17796 0.00001 8.19132 0.00002 89 95 479 WE-
002C 

Reference 

Reference 

SN p.54 SN p.54 SN p.54 RB p.052 R8 p.052 
8.17823* 
SN2 p.51 

0.00004 

WE-
152A 316 SS 25.00 0.05 12.57 0.05 2.96 0.05 7.31978 0.00005 7.34430 0.00009 WE-
152A 

Assembly 

Reference 

Reference 

Reference 

SN p.54 SN p.54 SN p.54 R8 p.052 

16.51718 
RB p.052 

0.00024 

RB p.052 
7.32015* 
SN2 p.51 
16.57882 
RB p.052 

0.00006 

0.00018 
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Table Cl. (concluded) 
Dimensio 

n Mass Tern 
P 

Time 

Run Spec. 
ID Material Data file Length 8 WWth 5 Thick 8 Initia! s Final S Min Max 

mm mm mm 9 S °c h 

YMP7 WE-
001D Alloy 22 YMP7_aly22-ti16C.xls 24.86 0.05 12.66 0.05 3.08 0.05 8.32385 0.00002 8.34895 0.00092 88 100 571 

WE-
101D Tigr.16 

Reference SN p.76 

24.93 0.05 

SN p.76 

12.60 0.05 

SN p.76 

2.83 0.05 

RB p.090 

3.96233 0.00001 

RB p.090 

3.98164 0.00003 
WE-
101D 

Assembly 
Reference 

Reference 

SN p.76 SN p,76 SN p.76 RB p.090 
13.33103 
RB p.090 

0.00006 
RB p.090 
13.41379 

RB p.090 
0.00028 

YMP8 WE-
001A Alloy 22 YMP8_al22-ti7C.xls 24.94 0.05 12.65 0.05 3.06 0.05 8.30774 0.00002 8.31387 0.00018 89 100 503 

WE-
051A Ti gr.07 

Reference 

Reference 

SN p.88 

24.02 0.05 

SN p.88 

12.59 0.05 

SN p.88 

3.02 0.05 

RB p. 121 

4.25369 0.00001 

RB p.121 
8.30831' 
SN2 p.51 

4.27164 

0.00007 

0.00004 
WE-
051A 

Assembly 

Reference 

Reference 

Reference 

SN p.88 SN p.88 SN p.88 RB p.121 

13.57936 
RB p.121 

0.00090 

RB p.121 
4.25385' 
SN2 p.51 
13.61133 

RB p.121 

0.00002 

0.00008 

YMP9 WE-
102D Tigr.16 YMP9Ji16~316C.xls 24.91 0.05 12.62 0.05 2.83 0.05 7.22474 0.00002 7.23335 0.00004 89 100 503 

WE-
1518 316 SS 

Reference SN p.95 

24.61 0.05 

SN p.95 

12.53 0.05 

SN p.95 

2.95 0.05 

RB p.134 

3.96220 0.00002 

RB p.134 

3.97136 0.00012 
WE-
1518 

Assembly 
Reference 

Reference 

SN p.95 SN p.95 SN p.95 RB p.134 
12.20386 
RB p.134 

0.00005 
RB p.134 
12.22672 

RB p.134 
0,00009 

SN is Scientific Notebook WTBU-SN-001. RB is Suppiemental Records Binder # 1. SN2 is Scientific Notebook WTBU-SN-002. 
8 is the estimated measurement error. s is t standard deviation around the average of 3 measurements. 
1 Following cleaning. 
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APPENDIX I) 
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APPENDIX E 

CREVICE COUPON PHOTOGRAPHS 
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