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ABSTRACT

Contest Columbus Technologies, inc. (CC Technologies) is investigating the long-term
performance of container materials used for high level radioactive waste packages. This
information is being developed for the Nuclear Regulatory Commission to aid in their assessment
of the Department of Energy's application 1o construct a geologic repository for disposal of high-
level radioactive waste. This report summarizes the results of cyclic-potentiodynamic-polarization
(CPP) studies pertortned on candidate container materials for the Tu Repository. The CPP
technique was used to provide an understanding of how specific variables such as environmental
composition, temperature, alloy composition, and welding affect both the general- and localized-
corrosion behavior of two copper-base and two Fe-Cr-Ni alioys in simulated repository
environments.

A statistically-designed test solution matrix was formulated. based on an extensive search of the
literature, to evaluate the possible range of environmental species that may occur in the repository
ovar the life of the canister. Forty-two CPP curves were performed with each alloy and the results
indicated that saveral difterent types of corrosion were possible  The copper-base alloys exhibited
unusual CPP behavior in that hysteresis was not always associated with pitting.

The afects of temperature on the corrosion behavior were evaluated in two types of tests,
isothermal tests at temperatures from 50°C to 90°C and heat-transfer tests where the solution
was maintained at 50°C and the specimen was internally heated to 90°C. In the isothermal test,
CPP curves were obtained with each alloy in simulated environments at 50°C, 756°C, and 80°C.
The results of these CPP experiments indicated that no systematic trends were evident for the
environments tested.

in the heat-transfer test, CPP tests were performed with a specimen internally heated to 90°C
while maintaining the test solution at 50°C. The re~ults of these experiments indicated that in
simulated J-13 well water, heat transfer appeared 10 have an effect on the corrosion behavior of
each of the four alloys. Heat transfer did not appear to have a major effect in more aggressive
simulated environments.

Lastly, the effects of welding on the corrosion behavior of ‘he alloys in simulated environments
were examined. Rod material was welded into a V-shaped grove in plate material. The weld was
machined and evaluated by the CPP technique. These studies showed that welding had
relatively little effect on the CPP behavior of the Fe-Cr-Ni alloys in the environments that were
selected. Welding was found 1o be detrimental to the performance cf the copper-base alloys in
both simulated groundwater and in a solution shown to promote pitting of the wrought copper-
base alloys.
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2.1 _Nominal Environment

The Tutf repository will be located ir the Tcpopah Spring Member of the Paintbrush Tuff under
Yucca Mountain, 100 miles northwest of Las Vegas, Nevada in the Nevada Test Site (NTS). The
site is located in an extremely arid zone with about 15 cm/year annual precipitation. The
evaporation-transpiration rates also are very high so the net water percolating down from the
surface is of the order of a few millimeters per year (Montazer - 1984).

Tuff is an igneous rock of volcanic origin and is composed of volcanic rock fragmonts (shards)
and ash. The structure of the tuff deposits depends on the cooling rate and degree of compaction
after the volcanic eruption. The rock shards weld together and the compacted material may
remain glassy or may devitrity. A layered structure develops, a densely welded core surrounded
above and below by zones of material decreasing in density and strength. In the post-
deposi‘ional period, alteration of the tuft layers occurs. Crystallization transforms the glassy
material to feldspar plus quartz or cristobalite. Zeolitization produces hydrous silicaes by reaction
of the glassy material with groundwater. A typical stratigraphy of the tuti at the NTS is shown in
Figure 2.1. A more detailed description of these tuff layers is found in Johnstone-1981.

The potential repository horizon is in the lower, densely welded and devitrified portion of the
Topopah Spring Member located 700 to 1400 feet above the static water table. The bulk rock
at the horizon is composed of rhyolite with a small range in composition as shown in Table 2.1.
This smail variation in geochemistry demonstrates that the host rock may be considered uniform,
according to Glassley-1986.

A reference water used in many repository studies has been taken from Well J-13. That well is
located near the repository site and produces water which has flowed through the Topopah Spring
Member, where i lies at a lower elevation and is in the saturated zone. The J-13 well water is
the best ava''able source of water from the Topopah Spring Member, but may not be a good
approximation of the actual water that will be present in the repository.

The location of the repository above the static water table has a major impact on the anticipated
environment, First of all, the environ ient will be aerated; the J-13 well water contains 5.7 ppm
dissolved oxygen which probably represents a lower limit for oxygen. This condition is unique
in that the plans for all other repositories, either in the United States or elsewhere, have cal'ed
for Jocations below the static water table where conditions are deaerated (anoxic).

A second faature of the location of the repository above the water table is the elimination of the
hydrostatic head on the waste container. At the repository elevation, the boiling point for water
is about 95°C, and thus the environment at the waste package surface will be steam and air
during the early life of the repository.
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Figure 2.2 Comparative Canister Surface Temperature-Time Profiles For Different Waste
Packages In A Tulf Repository Verticat Emplacement, 50 kW/acre Areal
Loading) (McCright-1484).
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Table 2.2 Chemical Composition Of Test Solutions At The End Of Corrosion Tests (pg/mi)
(Undiluted And Filtered Solution) (Abraham-1986).

10-Times Conc.
Reao.r‘oanco Synthetic J-13 Water J-13 Water
Ground:  ['aMo. | 6Mo. | 1-vr. | 3Mo. | 6:Mo. | 1ovr
I Test Test Test Test Test Test
l Na* 45 ND.* 464 510 867 738 908 T
K' 49 238 J44 106 244 214 139
ca* 14 308 161 104 301 164 129
Sn* N.D. 34 L4 1.0 44 05 1.2
F- 2.2 121 - 6.31 14 5 211
Ci- 7.5 130 236 161 330 21 260
NO,~ 56 460 | 750 | 482 522 | 672
80, 22 820 552 588 1300 | 1260 976
SO, 61 414 451 458 408 488 406
pH at room 85 8.4 9.0 9.3 8.4 89 9.3
temperature
*N.D. = Not determined

Y o



The concentration of the species in tha 10X J-132 well waler aiso increased with exposure time
in these tests. Although the magnitudes of the increases were smaller than those observed for
the J-13 well water, the actual final concen'rations of the species in the tests with the 10X J-13
well water were higher than those in the standard J-13 well water. As in the J-13 well water

maximum concentrations were observed for some species in the bolling 10X J-13 well vater atter
a few monins

2.3 Radlation Effects

Relatively little re h has been performed on the intluence of th adiation Ligid on the
environmeant in the Tulf Repository. On the other hand, a number of art.zles discuss, ir general

terms, the anticipated role of ragdiation in altering the repository environment while research on
the effects of radiation on water and dilute aqueovs =olutions Is much more éxiansive. As
dascrived by McCright-1884, the highest levels of racuation will occu” on emplacemoent and the

4 s

levels will begin 1o decay. The radiation of interest with regard to container corrosion will e
gamma radiation. Interaction of the gamma radiation with either the container or the host rock

is also expected to be minimal. Thus, tha primary problem is the interaclion of the gamma

radiation field with the liquid and gas pnases In the repository Although most of the fission
products responsible for gamima radiation d
of air and water vapor during the time period when radiation levels will ba high

icay rapuily, the repository environmant will consist

Radiolysis products expected in the moist-air system are not well established Some
experimental research regarding the temparature effects ( adiolysis productc has besan

performed by Van Kenynenburg (1986) and others. Their resuarch indicates that, above 135°C
the dominant species are NO, N,O, and O,. Between 120°C and 135°C, NO,, N.O,, H,0, and

O, are the dominant products, while below 120°C, the most abundant products are HNO, and

H.O with small amounts of O

In hquid water at high radiation levels, small amounts of nitrates and nitri{as will also be produced
1owever, the simutaneous presence of liquid water and high radiation fields are possibie only

imermittently during periods of liquid water movement through the repository

Glass (1985 and 1986) reviewed the literature and performed electrochemical studies in irrac.ated
J-13 well water. These studies concluded that the primary effect of radiation of J-13 wail water
is to produce the dominant oxidizing species O, and H,0, with smaller concentrat
still smaller concentrations of HO,. Irradiation of water coniaining
{0 produce carboxylic acids (formic an' oxalic)

ons of O, and

or HCO. with O. was found

wtudies focused on the eftects of radiation on wate, ..\d dilute agueous solutions concludaod that
a nost of vansient radicals, ions, and stable molecular species is created by gamma radiation
some of these species dre as follows: H, OH, e7aq, H,Q', UR", H,, H.0O,, O, O,” and HO

While t".sse species only consider the breakdown of i€ water molecule, many other species are

genarate. by reactions with other species in the groundwater




3.1 _Test Technique

The cyclic-potentiodynamic-polarization (CPP) technique was used in this project to provide an
understanding of how the specific variabies such as environmental composition, temperature,
alloy composition, and welding affect the general- and pitting-corrosion behav'or of the ailoys in
simulated repository environments.

In the CPP procedure, the polarity and magnitude of the current flow between a specimen of the
material of interest and an inert counter electrode ar» measured as a function of electrochemical
potential. For the anodic portions of the curve, the current measured is equal 1o the corrosion
rate ot the specimen if two conditions are met: (1) The electrochemical potential is tar enough
away from the open-circuit potential that the rate of the cathodic reaction is negligible; and (2) The
rates of spurious oxidation reactions are negligible.

Schematics of anodic polarization curves showing several types of behavior are given in Figure
3.1, For the aciive-corrosion case, tha anodic curve is linear on an E-log i plot, and the forward
and revergs scans are coincident. The presence of a peak in the anodic portion of the curve,
followad by decreasing current, is generally indicative of the onset of passivation. The occurrence
r\ hys'erasis between the forward and reverse scans is indicative of pitting. Where the hysteresis
loop is very large, the protection potential may be very close to the open-circuit potential,
indicating a high piobability of pitting in that particular environment.

The | olarization behavior of the alloys was determined using conventional polarization techniques.
The specific polarization equipment used for these experiments included a Princeton Applied
Research Model 273 pet~ntinstat coupled to a computer data-acquisition system or a Santron
Electrochemical Measuring Sy=iem. A two-compartment electrochemical cell was employed that
utilized a saturated-calomel reference electrode (SCE) ana a platinum counter electrode (Figure
3.2). Cxiginally, it was plannad to use a three-compartment cell (working, countor, and reference
elect-ova compartments' but the relatively high r« sistance of se. “-=| of the solutions prevented
its use, ard the two-compartment cell was used fur all tests. ™ . working electrodu specimens
were cylindrical rods that were drilled, tapped at one .+ .nd sealed off using PTFE gaskets.
The specimens were typically 1.3 em in langth with the aiemeter depending on the metal being
tested. The electrodes were polished with, successively finer grades of silicon carbide paper,
iinishing with a 600-grit grade.

A typical experiment consisted of setting up the electrochemical cell containing the test solution.
The test solution was slowly brought up to the desired ternperature while bei. 3 sparged with the
desired gas. The specimen was immersed in the heated soliition after sparging for one to two
hours. The specimen was exposed to the test solution under {reely-corroding conditions for 16-24
ours 1o permit steady-state conditions to be achieved.

The working elecirode iead was connected to the test specimen while the auxiliary (counter)
electrode lead was connected to an inent electrode (platinum wire) placed in the test cell. The
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Figure 3.1 Schematic Of Typical C clic Potentiodynamic Polarization Curve.

E., = corrosion potential; E,, = potential at which pits initiate on forward scan; E,,,
= potential at which pits repassivate on reverse scan; i, = current density at the
free-corrosion potential, i, = current density at active peak; i, = current density
in passive range.
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Figure 3.2 Electrochemical Cell Used For Ambient Pressure Potentiodynamic Polarization
Experiments.
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reference electrode lead was connected to the reference electrode which communicates with the
test cell electrolyte through a small diameter tube filled with electrolyte, referred to as a Luggin
probe or salt bridge. The tip of the probe is placed near the test specimen to minimize
measurement errors due to ohmic potential drops.

Partial cathodic and full anodic polarization curves were obtained by scanning at a rate of 0.6 V/hr
and beginning the scan approximately 100 mV more negative than the free-corrosion potential,
The current for the anodic curve was scanned until a current density of approximately & x 10~
Alom® was attained; the potential scan was thon reversed until repassivation occurred and the
current changed polarity, becoming cathodic.  ‘hose cases in which the current density did not
attain 2 x 10~ A/em’, the potential scan was reversed at a potential of 1.2 volts.

After completion of the polarization scans, the following polarization parameters were obtained
from the CPP curves of potential (E) versus logarithm of current density (log i) when applicable:
leors Ecorr Ipant Epy OF Ey, Ep 07 E, I, @and E . Tafel slopes were obtained from the CPP curves
by extrapoiating tangents to the anodic and cathodic portions of the curves at +75 and -75 mV
from E_, respectively. The specimens were also optically examined at 30X magnification
following testing to confirm the predictions from the CPP curves.

3.2_Candidate Alioys Evaluated

Two classes of alloys were evaluated in this study. Fe-Cr-Ni alloys and copper-base alloys. The
candidate Fe-Cr-Ni alloys evaluated were Type 304L Stainless Steel (Alloy 304L) and Incoloy
Alicy 825 (Alloy 825). The candidate copper-base alloys evaluated were CLA 102 Copper (Alloy
CDA 102) and Copper-30 Nickel (Alloy CDA 715). The compositions of the candidate alloys are
given in Appendix |.

3.3 Test Environments

A large number of test environments was used in this study. The environments include simulated
and actual J-13 well water, simulated J-13 well water containing chloride additions, and a matrix
of test environments designed to cover the compositional ranges for important environmental
species. The actual J-13 well water used in this program was obtained from Oak Ridge National
Laboratones. Due to the difficulty in obtaining actual J-13 well water, required over the duration
of the program, a simulated J-13 well water was used. This simulated J-13 well water was
previously developed by Battelle Memorial Institute. The composition of the simulated J-13 well
water is given in Table 3.1. Details of the environments and analysis techniques used in the test
matrix are given below.

- 20 -



Table 3.1 Chemical Composition Of Simulated Tuft Groundwater And J-13 Well Water From
Yucca Mountain, Nevada (For Comparison).

Actual Chemical
Used
Nal iCO,

K KCl, KF 5.1 55
Mg* MgCl, « RH,0 1.9 1.7
Ca*™ Ca(NO,), * 4H,0, CaSO, « %H,0 125 12.0
SiO, H,SI10, 58. 64.2
F- KF 22 1.7
Ci- KCI, MgCl, « 6H,0 6.9 6.4

HCO,~ NaHCO, 125, 121,
NO,~ Ca(NO,), » 4H,0 9.6 12.4
CaS0, » %H,0 18.7 19.2

76 70+ 02

ﬂ 2915 290.3

*Knauss, 1985
$Beavers, 1987

.21
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3.4 Environmental Test Matrix - A Statistical Approach

Synthetic environments which. historically, have been used to simulate field conditions ir
laboratory corrosion studies are usually relatively simple. More often than not, the eftects of
variables are studied by varying a single variable at a time. Such an approach does not account
for the dependency of effects among multiple vanabies. In this project, a statistical approach was
used that was specifically designed to examine corrosion behavior in complex environments
(Koch, 1988). By using a statistically-basec <xperimental design, a mathematcal expression was
developed that relates a dependent variable or response such as corrosion rate, 1o a number of
independent solution variables or factors, such as species concentration, temperiiure, and pH
In such an analysis, the mathematical expressions can incluge main eftect terms (linear), two
factor interactions (cross products), and quadratic terms. High-order terms, such as three tactor
interactions, can also be evaluated but their physical significance is often difficuit to explain and
the magnitude of the terms are expected to be much smaller than the main-effect tarms or twc
factor interaction terms. Because of the large number of solution variables (15), and the large
number of alloys (4) examined in this study, it was decided that the most eftective approach was
to determine the main-etfect terms for each of the variables free and clear of two-fa
interactions but not to perform the much larger matrix of experiments requ red 10 determine the
two-factor interactions and quadratic terms. To estimate the main-effect terms of the variables
a Resolution IV experimental design was selected. In this design, each environmental variable
has a high and low level

The initial step was to define the solution variables of interest for inclusion INto the test Mmairix
Table 3.2 presents the compaositional ranges of imponant environmental species for (1) Tuff wel
water, (2) Tuff groundwater heated to emperatures from 90-250°C in the presence of Tulf rock
and (3) Tuft groundwater heated to 90-150°C in the presence of radiation The references from
which the data were obtained are indicated in Tahle 3.2

The fikean environmental variables that were inciuged in the experimental matrix anc their high
and low concentrations are given in Table 3.3. The fiteen variables selacted tor gxamination in
the Task 3 tests included twelve variabies associated with the J-13 groundwater and three
variables produced by radiolysis. Nitrogen, sulfate, and sodium were chosen as the gas, anion
and cation, respectively, used for balancing the solution chemistry. One varable that is missing
from the fifteen environmental variables listed in Table 3.3 is the radiolysis product hydrogen
Because of the experimental difficulties in mixing hydrogen and oxygen, it was decided to remove
hydrogen from the matrix of experiments 2nd to perform a few experimants separately to establist
its effect. A complete summary of the solution matrix investigated during the program is outined
n Table 3.4

n the following paragraphs, each variabie 1s briefly aiscusseq ang jus tification for inciusion of the

variable into the matrix and the concentrations selected are presented based on a review of the

literature (Knauss-1985a, Glass-1986, Oversby-1983, Yunker-19864, et al.)

il ~ 7 S T QM : - 2T \ R ~ 11 ’ ~ - y T - ¢ 1 ™ -

Silicon dioxide, SiO,, is present in the J-13 wall water at a concentration of 58 mg/l. Lala Dy

Knauss-1 a ang Qvei ‘,»b‘n] 1200 atryvy this 1S the approxi AL gady-state
ncentration which likely represents the ¢ JOIItY { at $ul Q ragiat Yunker

986a found that the concentrati



Table 3.2

Concentration Ranges For Environmental Species In Tuf Groundwater.

_mmu W'F Concentration Ra. ge 0
Groundwater Heated To Groundwater Heated To
Nominal Concentration Cf #0-260°C With Tutt 90-150°C In Presence Of
Well Water,* mg) Rock," " mgA Radiation™, mg/\
6 58 83 76 80
58 % - M 106 - 310
128 @6 - 19 g1 - 2
22 22 a4 038 - 14
69 65 89 25 58
NO, 96 85 168 25 - 188
so) 187 133 b7 18 6.2
NO, 07 15 12 38
K0, 0 o
A 012 0016 - 48 015 - 0.8
Fe* 0.006 002 - 004
ca™ 125 0.21 132 27 9.8
Mg™ 19 0008 - 20 06 1.1
K 51 32 194 24 8
Na' “ 3 /] 28 - 3%
S— — SR —
(a) Knauss, 1985.
(b) Oversby, 1983.

(¢) Yunker, 1986.
{d) Glass, 1985.
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Table 3.3 List Of Variables Included In The Matrix Of Potentiodynamic Polarization Tests In
Task 2
1 | Test Matrix Tost Matrix Nominal
| Variable Variabie | High Concentration Low Concentration Concsntration
| Number Name | Origin mgy/ mg/ Of. 13, mgh
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Table 3.4

Series Of Tests Included In The Matrix Of Potentiodynamic Polarization Tests In
Task 2.

- . ———
Test Onalic Temp
No. Cl | NO, | NO, | MO, | Ca™ | Mg" | ™ | PO | Ackd | O, | *C | pH
| 1000 1000 | 200 | 200 | 08 [0.004 |0.0004 001 | & § | %0 | 5
2 1000 (1000 | 0 | O |0004 [0004] vB | 20 |17 § | % | &
3 02 |1000 | 200 | 0 | 08 0004 | 08| 20 0 0 | % | s
‘ 02 [1000 | 0 | 200 |0.004 0004 |0 001 {172 | % |9 | S
5 02 [02 | 0 (20 |08 |08 | 08|00t |172 [ 3 |% | &
3 02 [02 |20 | 0 |0004| 08 |0 20 0 0 [0 [ §
7 |5 |04 |o004 |r000 |02 | 0 | o |08 | 08 |O 20 |m 5§ [ 90 | §
8 | 215 |2000 | 004 {1000 |02 | 200 | 200 [0004] 08 | 08| 001 | © 5 |50 | §
9 |22 |04 | 004 {1000 |02 | 200 | 200 [0.004 0004 [00004| 20 [172 | 30 |50 | 10
10 |22 [2000 | 004 {1000 {02 | 0 | 0 | 08 |ooo4| 08]001 | © 0 |9 | 10
1 | 215 |04 2002 [02 [200 | 0 |0004]0004| 08| 001 | 172 § [90 | 10
12 |15 (2000 | 20002 [02 | 0 | 200 | 08 |0004 |0.0004 20 0 § [ 50 [ 10
13 |22 |04 |004 |02 [1000 | 0 | 200 |0004] 08 | 08| 20 0 5 [ 90 | 10
4 |22 |2000 |004 {02 {1000 {200 | 0 [ 08 | 08 00004 001 | 172 § (8 | 10
15 | 215 | 04 200 (1000 (1000 [ 0 | O |0004| 08 [0.0004f 001 | O 30 (s | 10
16 | 215 2000 | 200 {1000 {1000 (200 | 200 | 08 | 08 | 08| 20 [172 | 3 [0 | 10
17 | 215 (2000 |004 |02 [02 [ 0 | 0 |ooo4| 0B | 08| 20 |12 | 3 [8s | 10
18 (215 [04 |004 |02 |02 200 (200 | 08 | 08 {00004 001 | © 2 [0 |10
19 |22 {2000 | 200 (1000 |02 | 0 | 200 |0004| 08 otooml 001 | 172 5 | %0 [ 10
20 |22 |04 200 [1000 (02 200 | 0 |08 | 08 | 08| 20 0 § [ 50 | 10
21 | 215 (2000 {004 [1000 {1000 | 200 | O [0.004 {0.004 |0.0004 20 0 5 | %0 | 10
22 | 215 |04 004 [10™ 1000 | 0 |20 | 08 0004 | 08 | 001 | 172 5 | 50 | 10
23 |22 |2000 | 200 |0« |1000 | 200 | 200 {0.004 {0004 | 08 |00t | © % (50 | 10
24 |22 |04 200 [ 02 |t 0 | 0 | 08 [0004 /00004 20 {172 | 30 | 90 | 10
2 | 215 2000 | 200 {02 |1000] 0 | 0o |08 |08 | o8]0 | 0 § |90 | §
2 |22 |04 200 { 02 1000 | 200 | 200 {0004 | 08 [00004] 20 | 172 5 [ 5 | §
27 |22 |2000 {004 (1000 1000 | © [200 | 08 | 08 |c0004] 20 | 0 0 (5 | §
2 |22 104 |004 |1000 {1000 | 200 | O [0004| 08 | 08|00t |172 | 30 |0 | §
2 | 215 12000 | 200 {1000 (02 |20 | O | 08 |0004 |00004f 001 [172 | 30 |5 | §
3 |215 |04 200 {1000 (02 | 0 | 200 [0.004 |0004| 08| 20 0 0 |90 | 5
3 (22 |2000 |004 (02 |02 |200 | 200 | 08 [0004] O8] 20 | 172 5 |0 | 5
32 |22 |04 |004|02 |02 | 0 | 0 {0004 08 [0.0004 001 | O 5 |50 | §
33 | 108 | 500 50 | 260 | 250 [ 50 | 50 | 02 | 02 oz} 13 | @ 15 | 0 |75
34 | 108 | 500 50 (250 | 250 | 50 |80 |02 |02 ] 02| 13 | @ 15 | 0 |75
35" | 108 | 500 5 (250 | 250 | 50 | 50 (02 {02 ]| 02] 13 | 4 15 | 70 |75
3" | 108 | 500 50 (250 | 250 | 50 [ 5 |02 |02 02| 13 | @3 15 |70 |75
37: | 642 | 121 1764 |12¢ | 0 | 0 [ 12|17 o] o 0 0 | 9% |70
38 | 642 | 129 17 |1000 [124 | 0 | 0 | 12]t7! of o 0 0 | % |70
500 50 | 250 [ 250 | 50 | S0 [ 01 {01 | 05| 13 | % 15 |70 | 8
500 50 {250 (250 | S0 [ S0 | 20| 20| 05| 13 | %0 5|70 | 6§
500 50 (250 {250 | 50 [ 50 | 2001 | 05| 13 | % 15 |70 | 10
500 50 [250 | 250 | 50 [ 5 |01 | 20| 05] 13 | %0 5 | 70 | 50
— -

Tests 33 through 36 are quadruplicate midpoint tests which help to establish the degree

of reproducibility of the CPP Tests
Simulated J-13 well water.

Simulated J-13 well water containing 1000 ppm Ci~.
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Magnesium, Mg™, is present in the J-13 well water at a concentration of 1.9 mgl. The
concentration of magnesium changed little when the J-13 well water was heated in the presence
of Tut rock and showed only a slight decrease in concentration in the presence of radiation. The
low concentration for magnesium was selected at 0.004 mg and a factor of 5000X provides a
high concentration of 20 mg/A. Magnesium was added to the test solutions as magnesium sulfate,
seven hydrate.

Aluminum, AI™, is present in the J-13 well water at a concentration of 0.01 mgA. Upon heating
the J-13 well water in the presence of Tulf rock, the aluminum concentration increased to 2-3
mg/A. In the presence of radiation, the aluminum increased to 0.18 mgA. Therefore, a much
larger range of concentration was observed for aluminum than was observed for other species.
Thereby, a low concentration of 0.0004 was selected and a factor of 2000X provides a high
concentration of 0.8 mgA. Aluminum was added to the test solutions as aluminum sulfate, 16
hydrate.

Phosphate, PO,”, has been reported at a concentration of 0.12 mg/ in J-13 well water
(McCright-1985) and has not been reported, at all, in other referenced J-13 well waters. The low
concentration for phosphate was selected to be 0.01 mg/l and a factor of 200X provides a high
concentration of 2.0 mgA. Phosphate was added to the test solutions as phosphoric acid.

Organic acids have been reported as naturally occurring in groundwaters and have been indicated
as possible radiolysis products. For this study, oxalic acid was selected as the organic acid 1o
examine. The low concentration of oxalic acid will be zero and the high concentration ior oxalic
acid will be 172 mg/l which approximates to the concentration range of other radiolysis products.

Oxygen, O,, is present in the ropository because of its location above the water table and
because no airtight sealing arrangement is proposed for the repository. It is likely that the
concentration of O, could be somewhat less than that normally occurring in air and, on the high
side, could be greater than that occurring in air due to radiolysis. The low concentration of O,
was selected at 5 volume percent and the high concentration at 30 volume percent.

Because the repository design will not permit ary significant pressure buildup, the aqueous phase
corrosion, which is being examined in this task, has a limiting temperature at the boiling point of
the J-13 well water. The low temperature to be examined was selected at 50°C and the high
temperature was selected at 90°C. The high temperature of 90°C was selected to provide a
temperature near boiling but that can be controllea relatively easily and accurately in the
laboratory.

The pH of the J-13 well water is slightly alkaline, having been reported at pH 7.6. Upon heating
of the J-13 well waei n the presence of Tuft rock, the pH varied only slightly when heated at
90°C and decreased down to 6.0 when heated at 250°C. In the presence of radiation, the pH has
been observed to increase to 8.0. To provide a somewhat larger range of pH for the test matrix,
the low pH was selected at 5 and the high pH was selected at 10.

The high concentration of Ca, Mg, and Al were inadvertently added to the test matrix at a lower

than desired value. Accordingly, several additional tests were added to the tes* matrix (Tests 39-
42 in Table 3.4) to assess the effects of these species on the corrosion behavior,
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4 CPP TESTS IN JI13 WELL WATER
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Figure 4.1  CPP Curve For Alloy CDA 102 In Actual J-13 Well Water At 80°C Run At A Scan
Rate Of 3.6 V/hr Following A One To Two Hour Inital Exposure. (McCright-1985).
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Table 4.1  Polarization Parameters For The Caudidate Ailoys in Actual And Simulated J-13 Well Water.

.Le.

initial Scan
J13 Temperature Exposure Ra‘c _ . .
o Water y - Hours vinr Vv, SCE pAem’
CDA 102 Actual * 80 1-2 6 Q.01 578
CDA 102 Simulated 80 1 36 L2015 013
CDA 102 Actual 80 1 36 +0.004 0.1
CDA 102 Simuiated B0 15 36 0.030 0.80
CDA 102 Actual 80 15 36 £017 035
CDA 102 Simulated 90 15 06 0030 20
CDA 715 Simulated 30 15 06 £.265 o4
304L Simuiated %0 15 06 0125 0.12
1825 Simulated 80 15 06 0.650 008
L_— - -
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Figure 42  CPP Curve For Alloy CDA 102 In Simulated J-13 Well Water At 80°C Run At A
Scan Rate Of 3.6 V/r Fellowing A One Hour Initial Exposure.
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Figure 43  CPP Curve For Alioy CDA 102 In Actual J-13 Well Water At 80°C Run At A Scan
Raie Of 3.8 V/hr Following A One Hour Initial Exposure.
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Figure 44  CPP Curve For Alloy CDA 102 In Simulated J-13 Well Water At 80°C Run At A
Scan Rate Of 3.6 VA Following A Fifteen Hour Initial Exposure.
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Figure 4.5  CPP Curve For Alloy CDA 102 In Actual J-13 Well Water At 80°C Run At A Scan
Rate Of 3.6 V/hr Following A Fifteen Hour Initial Exposure.
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Figure 4.6
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CPP Curve For Alloy CDA 102 in Simulated J-13 Well Water At 90°C Run At A
Scan Rate of 0.6 V/hr Following A Fifteen Hour Initial Exposure.
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Figures 4.7 - 4.9 show the CPP curves for Alioy CDA 715, Alloy 304L and Alloy B25 in simulated
J-13 vell water under the same conditions as for Figure 4.6

Comparing the behavior seen in Figure 4 6 (slow scan rate) to Figure 4.4 (fast scan rate), the only
significant difference is in the value of the breakdown potential, E,. The much more negative
value for E, for the slower scan rate is not unusual since pitting has some initiation time
associated with it and this behavio® has been seen in other alloy-environmental combinations.
it should be noted that the increase in temperature also would produce a similar trend. The
behavior for the slower scan raite is nearer steady-state conditions and predicts actual field
situations more closely. Therefore, all subsequent CPP testing used a 0.6 V/hr scan rate and an
initial exposure time of 15-20 hours prior o performing the CPP test.
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Figure 4.,  CPP Curve For Alloy CDA 715 In Simulated J-13 Well Water At 90°C Run At A
Scan Rate Of 0.6 VM Following A Fifteen Hour Initial Exposure.
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Figure 4.8  CPP Curve For Alloy 304L In Simulated J-13 Well Water At 90°C Run At A Scan
Rate Of 0.6 V/Mr Following A Fifteen Hour Initial Exposure.
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Figure 49  CPP Curve For Alloy 825 In Simulated J-13 Well Water At 90°C Run At A Scan
Rate Of 0.6 V/hr Following A Fifteen Hour Initial Exposure.
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5. CPP TESTS IN CHLORIDE SOLUTIONS

The composition of the groundwater that comes in contact with the waste container is expected
10 be much more concentrated than that of the J-13 well water as a result of thermal
concentration.  Cyclic-potentiodynamic-polarization tests were performed with each of the
candidate container alloys in simulated J-13 well water with the chioride (Cl) concentration
increased to 1000 mg/A (as sodium chioride, NaCl), the maximum Cl concentration from the
environmental test matrix. Table 5.1 summarizes the polarization parameters for each of the four
alloys in both simulated J-13 well water and in simulated J-13 well water containing 1000 mg/
chloride.

Figures 5.1 and 5.2 compare the polarization behavior of Alloy CDA 102 in simulated J-13 well
water with low and high chlorides, respectively. The most significant difference in the curves is
the loss of the passive region with the ¢i. ‘= addition. A dark film also was present on the
specimen in the high chioride snlution pric. .« starting the CPP scan. Both curves exhibit
hysteresis on the reverse scans that typically indicates the occurrence of pitting on the specimen.
However, pust-test optical examination of the specimens indicated no pitting; only local changes
in film coloration on the specimens with no observable depth of attack. This behavior was
observed in many instances of the program and is discussed in graater detail below,

Cyclic-potentiodynamic-polarization curves for Alloy CDA 715 in simulated J-13 well water and
simulated J-13 well water with 1000 mg/l of chloride are given in Figures 5.3 and 5.4 respectively.
The increased chioride concentration significantly decreased the breakdown and (E,)
repassivation (E;) potentials. However, as was observed for Alloy CDA 102, typical pitting was
not found. Instead of local deep pits, which were expected because of the hysteresis observed,
local areas of very shallow active corrosion and local changes in the oxide film occurred.

Figures 5.3 and 5.4 also demonstrate two different types of curves with respect to repassivation
during the reverse scan. In Figure 5.4, E, was selected at the potential where the current during
the reverse scan equaled the original passive current density. Figure 5.3 exhibits different
behavior, where the very shallow slope typically observed during repassivation changes to a
steeper siope which is believed to represent the bulk surface conditions. Note that E,, in Figure
5.3 was selected at the point of this slope change. Also shown in Figure 5.3 is a peak in the
cathodic curve during the return scan ("A" in Figure 5.3). This will also be apparent in several
curves in the matrix of experiments for Alloy CDA 715. It was observed that any time this
phenomenon occurréd, a copper film was present at the active sites or pits on the specimen
surface. Therefore, it is believed that the cathodic current peak represents reduction of copper
ions and the plating of copper back on the specimen surface.

Because CPP tests performed under Task 2 of the program indicated that the copper-base alloys
did not always exhibit ciassical pitting behavior, the distinction in the electrochemical terms was
made to refiect this fact. Thus, the terms E, and E, were used to describe the breakdown
potential and repassivation potential for the copper-base alioys. On the other hand, the classical
terms and E_, were used for the pitting potential and the protection potential, respectively,
for the Fe-Cr-Ni alloys.
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Table 5.1

Polarization Parameters For The Candidate Alloys In Simulated J-13 Well Water
At 90°C, With And Without Salt.

Comments

NOTE:

Chioride added as sodium chioride.

CDA 102 13 0.0 20 +0.140 | 0.035 | Local changes in oxide.
COA 102 | J13+1000ppmCl | -0.078 22 005 | -0.218 | Local changes in oxide.
CDA 715 J-13 -0.265 0.41 +0.180 | +0.080 | Local changes in oxide,
local active attack with
few shallow pits.
COA 715 | J-13 + 1000 ppm Cl 0.400 0.02 -0.040 0.028 | Local changes in oxide,
local active attack.
3040 13 0.12% 012 | +0800 | +0.800 | No pitting or acuve
attack.
304L J13+1000ppm Cl | -0.250 012 | +0.180 | -0.180 | Pitting.
825 13 -0.650 008 | +0.700 | +0.700 | No pitting or active
J-13 + 1000 ppm C!
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Figure 5.3

Figure 5.4
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CPP tests were performed on Alloy 304L and Alloy 825 in simulated J-13 well waler and in the
simulated J-13 well water with the addition of 1000 mgA chlorkle. The tests were run at 90°C
under naturally aerated conditions. Figures 5.5 and 5.6 compare CPP curves for Alioy 304L in
simulated J-13 well water and simulated J-13 well water with 1000 mg/ chioride added as well,
Figure 5.5 shows that Alloy 304L in simulated J-13 well water exhibited passive behavior with no
indication of pitting corrosion (no hysteresis loop). Examination of the sampie during post-test
evaluation indicated no pitting or other form of corrosion or observable oxide formation on the
surface.

Figure 5.6 shows that Alloy 304L, in simulated J-13 well water containing 1000 mg/ chionde,
exhibited passive behavior at the free-corrosion potential, a pitting potential of approximately
+0.160 V= "E) and a protection potential of approximately -0.180 V (SCE). Post-test evaluation
of the sample indicated significant pitting over the entire surtace, which corresponded well with
the large hysteresis observed during tha CPP experiment. Furthermore, in the simulated J-13
well water containing the increased chioride content, the protection potential is relatively close to
the free-~orrosion potential (-0.25 V (SCE). Conventional wisdom and the above results indicate
that Alioy 304L is, at best, a marginal alloy for application in an environment similar to J-13 well
water with an elevated chioride concentretion.

Figure 5.7 shows a CPP curve for Alloy 825 in simulatod J-13 well water at 90°C. As is seen
from the curve, no hysteresis is present during the return scan, indicating no pitting corrosion.
Post-test examinatior. of the specimen indicated no signs of corrosion of any kind. T!erefore,
Alloy 825 would not be expected to corrode significantly in J-13 well water at 90°C, which is
similar to the results observed for Alioy 304L in the simulated J-13 well water.

Figure 5.8 shows a CPP curve for Alloy 825 in simulated J-13 well water at 90°C with 1000 mg/
chloride added (as NaCl). In the presence of the added chioride, a significant hysteresis loop is
observed, which is an indication of pitting/crevice corrosion. Post-test examination indicated the
specimen underwent pitting corrosion. The addition of 1000 mgA chioride was sufficient to sustain
pitting in a potential range of +0.160 to +0.70 V (SCE). For the simulated J-13 well water with
1000 mg/l chioride added, the pitting range is some 600-700 mV more positive than the free-
corrosion potential. This indicates that, for these conditions, pitting of Alloy 825 is highly unlikely
uniess the free-corrosion potential becomes significantly more positive with time, which may be
possible in the presence of radiolysis products. Although pitting is uniikely, at the free corrosion
potential, in the J-13 well water or the J-13 well water with 1000 mg/ chioride added, pitting was
observed 1o be quite likely in other solutions examined in the statistical matrix; see the discussion
of potentiodynamic-polarization studies of the Fe-Cr-Ni alloys in Section 7.
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Figure 5.7

Figure 5.8
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§. STATISTICAL MATRIX - CPP TESTS FOR COPPER-BASE ALLOYS

The statistical matrix of CPP curves for Alloy CDA 102 and Alloy CDA 715 in each of the test
solutions are given in Appendix A and Appendix B, respectively.

6.1 _Alloy CDA 102

As discussed in Section §, classical pitting was not always observed for copper-base alloys when
hyste ‘sis was present in the CPP curves. Therefore, the terms pitting and protection potentials
were replaced with braakdown, E,, and repassivation, E_, potentials, respectively, for the copper-
base alloys to better characteriza the observed behavior. In the following paragraphs, several
CPP curves are shown which exhibit the different types of behavior observed for Alloy CDA 102.

Figures 6.1 and 6.2 show the polarization behavior for Alioy CDA 102 in test Solutions 8 and 15,
respectively. Both tests exhibited an immediate breakdown of the Initial oxide and hysteresis in
the reverse scan. For both curves, the forward anodic scan had much too small of a siope (<0.02
Videcade) for it to represent a general active dissolution phenomenon. Therefore, the anodic
portion of the curves probably represents a breakdown of the original oxide. As shown in the
figures, the breakdown potential was set to equal E,.

Figures 6.1 and 6.2 also show the selection of the corrosion currents. Typically, no linear region
existed over any significant current range making Tate! extrapolation difficult. The procedure used
was as foliows: (1) select a potential range 0.075-0.100V more negative (cathodic curve) than
E... (2) extrapolate the tangent to the curve back to E,,, and (3) the intersection was the estimate
for |, (see Figures 6.1 and 6.2). The same procedure was repeated for a potential 0.075-0.100V
more positive (anodic curve) and the average of the two precictions was used for |,. It should
be noted that, for Figures 6.1 and 6.2, the anodic extrapolation was not possible because the
breakdown potential was approximately equal to E_,.

Although the polar.zation behavior for CDA 102 copper was similar in both Solution Numbers 8
and 15, pitting was observed in Solution Number 15 and only local active sites were observed
in Solution Number 8. This relatively contusing behavior (similar CPP curves but different
corrosion morphologies) warrants further investigation.

Figures 6.3 and 6.4 show CPP curves for Alloy CDA 102 in Solution Numbers 17 and 12,
respectively. The shapes of the curves are very similar and exhibit passive regions followed by
breakdown of the original oxide film and a larga hysteresis loop in the reverse scan. Alloy CDA
102 in Solution Number 12, shown in Figure 6.4, exhibited pitting as well as areas of active
corrosion while, in Solution Number 10, only local areas of active corrosion (no pitting' ‘vas
observed. These curves illustrate why a "breakdown® potential is used, as onposed 10 a "pitting”
potential, to describe the observed behavior. Also, the selection of E, was difficult because E,
values were selected with consideration given to a slope change, recall Figures 53 and 6.1.
Point *A* in Figure 6.4 is possibly such a slope change, but it was so slight that E_ war selected
where the return scan intersected the passive current of the forward scan.
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Figure 6.1

Figure 6.2
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Figure 6.3

Figure 6.4
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CPP Curve For Alloy CDA 102 In Test Solution Number 10. No Pitting, But
Locally Active Attack Observed During Post-Test Evaluation.
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Active Corrosion Observed During Post-Test Evaluation.

.49 -




P —

Figure 8.5 shows the polarization behavior for Alloy CODA 102 in Solution 7. The posttest
evaluation of the specimen indicated active corrosion as suggested by the CPP curve. For the
purpose of selecting data for use in the statistical analysis, E_, is equal 1o E, which is equal to
E, when active corrosion ocours,

Table 6.1 gives the CPP parameters for Alloy CDA 102 in the test solutions of the statistical
matrix of experiments. The parameters selected from each curve included E,, i, E,, and E,;
I Was selected where a passive range was present. Comments on the type of corrosion
observed also are inciuded. As previously discussed, E, = E, » E_ indicates immediate film
breakdown and some degree of hysteresis, while £ = E, = E_ indicates active corrosion
behavior.

Test Solution Numbers 33-36 have identical solution variables and the polarization behavior for
these four tests defined the reproducibility of the data. Figure 6.6 shows the CPP curves for Alloy
CDA 102 in Solution Numbers 33-36. As shown in Figure 6.6 and Table 6.1, the data for the four
tests are very similar; except that in Solution Number 34, i, was siightly greater and E, was
somewhat more negative than that observed in the other three solutions. The values for E_, and
E, were very reproducible and post-test examination indicated that the type of attack (locally
active corrosion sites with no pitting) was the same for all specimens. Tests in Solutions 39-42
were performed to evaluate the effects of high levels of Ca* and Mg** on CPP behavior.

It is obvious that a very wide range of behavior is possible depending on the variation in solution
variables used in these tests. The solution composition typically was varied by a factor of 200X
to 5000X for each species and is not out of the ordinary for the concentrating of species at a
heated metal surtace.

6.2 Alloy CDA 715

The statistical matrix of CPP tests previously discussed and given in Table 3.4 also was
performed for Alloy CDA 715. As discussed for Alloy CDA 102, hysteresis was present but
classical pitting was not always observed Therefore, the pitting and protection potentials were
replaced by breakdown, E, and repassivation, E_, potentials, respectively. The CPP curves
corresponding to the 1est solutions from the matrix are given in Appendix B. Table 6.2 gives the
CPP parameters for Alloy CDA 715 in the test solutions. In the following paragraphs, several
CPP curves are shown which exhibit the different types of behavior measured for Alloy CDA 715,

Figure 6.7 shows the CPP curve for Alloy CDA 715 in Solution Number 7. It should be noted that
the selection of a corrosion current based on anodic extrapolation and cathodic extrapolation
provided different results and the corrosion current reported is the average of the two
extrapolations. The polarization behavior shown in Figure 6.7 indicates active corrosion with no
tendency for passivation and with no hysteresis in the retum scan. This behavior is somewhat
different than exhibited in most of the test solutions and a greater amount of *noise" is ant
at high currents than is normally observed. For these reasons, the CPP test was fupéawd in
Solution Number 7. The test results were identical to those shown in Figure 6.7 with only a
slightly different free-corrosion potential. Away from E_,, the CPP curves were coincident. This
demonstrates the excellent reproducibility of the polarization behavior determined by the CPP test
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Table 6.1 Polarization Parameters For The Test Solutions In The Statistically-Designed
Matrix Of Experiments For Alloy CDA 102.
m
Toot | B | L | low | E,
utionV, SCE pA/em” pAlem’ |V, SCE|V, SCE Comments
1 +0005| 15 | 23 +0.16 | +0.0C |No pitting (oxide growth)
2 +0085| 10 | 16 +0.07 | +0.05 |No pitting (oxide growth)
3 +0050] 052 13 | +0.16 | +0.08 |No pitting (oxide growth)
B +0.095| 9.0 +0.10 | +0.02 |No pitting (local oxide growth/active areas)
5 +0.145| 16 +0.14 | +0.10 |No pitting (oxide growth)
6 0100 5.0 7.0 | +0.18 | +0.17 |No pitting (tarnish)
7 0.140| 66 0.14 | -0.14 |No pitting (local oxide growth/active areas)
8 +0.105| 13 +0.10 | +0.04 |No pitting (local active attack/oxide growth)
9 +0080| 7.5 +0.05 | +0.03 |No pitting (local oxide growth)
10 0.115| 47 90 | +033 | -0.07 |No pitting (local oxide growth/active areas)
1 0.105| 098 | 55 | +016 | +0.16 |No pitting (oxide growth/active areas)
12 0020 082 | 26 |+072 | 010 ming (oxide growth/active areas)
13 0035 060 | 12 |+0.12 | 0.00 |No pitiing
14 0120 26 | 12 +0.20 | +0.06 |Pitting (oxide growtt,;
15 +0.130( 12 +0.13 | 0.00 |Pitting (oxide growth)
16 0100 45 42 [ +050 | 004 pitting (tarnished/active areas)
17 0110 14 20 | +0.74 | 002 |Pitting (oxide growth)
18 |+0.145| 0.18 +0.16 | +0.12 |Pitting (oxide growth)
19 0170 6.2 80 | +0.48 | -0.05 |No pitting (tarnished/active areas)
20 0085, 033 | 082| -0.04 | -0.02 |No pitting (active areas)
21 -0.150( 3.0 4.1 | +0.32 | +0.12 |No pitting (tamlshod/acm areas)
22 +0.060| 56 +0.06 | +0.02 [Pitting (oxice growth)
23 0075 30 30 | +0.28 | +0.08 |No pitting (tarnished/active areas)
24 0060, 43 | 23 +0.12 | +0.04 |No pitting (oxide growth/active areas)
25 0.120| 16 76 | +0.13 | +0.13 |No pitting (tarnished/active areas)
26 +0.110| 15 +0.11 | +0.11 |No pitting (tarnished)
27 +0.025| 24 +0.02 | 0.00 |No pitting (local oxide growth)
28 0050 9.2 -0.05 | +0.02 pitting (oxide growthvactive areas)
25 -0.070| 22 2.3 | +0.16 | 0.00 Pitling (oxide growth/active areas)
30 -0.150( 9.7 |470 +0.15 | +0.15 |No pitting (oxide growth/active areas)
31 -0.085| 3.0 88 | +0.10 | 0.04 |Pitting (oxide growth/active areas)
32 +0018| 037 | CBO| +0.10 | -0.05 |No pitting (oxide growth/active areas)
33 0.070| 1.7 16 | +0.18 | 0.08 [No pitting (oxide growth/active areas)
34 0050 35 20 | +0.14 | 0.10 |No pitting (oxicde growth/active areas)
35 0076 1.0 1.5 | +0.20 | 0.10 |No pitting (oxide growth/active areas)
36 0075 13 15 | +020 | 0.10 |No pitting (oxide growth/active areas)
37 0.030| 20 +0.14 | -0.04 |Local changes in oxide
38 -0.075| 22 -0.05 | -0.22 |Local changes In oxide
39 0073 13 +0.09 | +0.02 |No pitting (oxide growth/etching)
40 +0090| 38 +0.15 | +0.03 |No pitting (oxide growth)
41 0.1c8| 23 +0.21 | +0.08 pitting (localized etching)
42 0.108| 68 1 +0.15 | +0.06 |Localized etching, incipient pitting




B S

ENT

T




R — - L ————, B s - — B - PR e e R —

Table 6.2 Polarization Parameters For Toe Test Solutions In The Statistically -Designed
Matrix Of Experiments For Alloy CODA 715.

boars
Test pAem’ juAem®| E, | E,
utiony V.'El x10* | x10*|v, SCE|V, SCE Comments
1 -0.188 25 0.18 | -0.19 | No pitting (oxide growth/active areas)
2 0976 | 015 1.8 | +0.30 | +0.02 | Piting (active areas)
3 0000 | 029 0.00 ! -0.10 | Pitting
- 0130 | 009 0.38 | +0.26 | +0.06 | Pitting (oxide growth/active areas)
5 +0.095 7.2 1 No pitting (oxide g owth/active areas)
6 0175 | 030 1.5 | +0.63 | -0.20 | Pitting (oxide growth/active areas)
7 0.150 | 23 0.15 | -0.15 | No pitting (active)
8 -0.105 16 20 [+063 | 000 | Pitting (active areas)
9 0.050 76 18 +0.18 | -0.14 | Pitting (active areas)
10 0.185 | 0.08 1.3 | «0.63 | -0.02 | Pitting (active areas)
1" 0100 | 0.03 0.4 | +0.27 | +0.15 | Pitting (oxide growth/active areas)
12 +0025 | 006 | 15 +0.78 | -0.05 | Pitting (active areas)
13 +0.150 | 009 0.24 | +0.28 | -0.10 | No pitting
14 +0240 | 40 +0.24 | +0.02 | Pitting (oxide growth)
15 0160 | 0.07 0.32 | +0.20 | -0.20 | No pitting (active areas)
16 0250 | 0.09 1.0 | +0.66 | -0.05 | Pitting (oxide growth/active areas)
17 0225 | 0.34 1.5 | +068 |+0.58 | No pitting
18 -0.065 1.1 " +0.16 [ +0.08 | No pitting (oxide growth) fi
19 -0.140 0.08 1.0 | +0.65 | 0.00 | Piting (oxide growth/active areas)
20 -0.250 0.19 0.70 | +0.11 | -0.05 | Pitting (oxide growth/active areas)
21 -0.400 0.23 1.0 | +061 | -0.02 | Pitting (active areas)
22 +0.073 1.0 43 | +0.17 |+0.02 | Pitting (active areas)
23 0030 | 045 6.3 |+0.38 | -0.06 | Pitting (active areas)
z4 0100 | 0.10 46 | +0.14 | -0.18 | Pitting (tarnished)
25 0.125 | 056 3.0 | +0.22 | +0.09 | Pitting (active areas)
26 +0.120 2.0 +0.12 | +0.05 | Pitting (active areas)
27 -0.015 1.5 1.6 | +0.34 | +0.01 | Pitting (active areas)
28 0080 | 7.8 30 +0.20 | -0.02 | No pitting (active attack)
29 0060 | 091 53 |+0.28 |+0.02 | Pitting (tarnish/active areas)
30 0170 | 9.0 0.17 | -0.17 | No pitting (active attack)
31 -0.10% 0.83 1.8 | +066 | +0.08 | Pitting (active areas)
32 0.000 { 0.18 0.00 | -0.02 | Pitting (oxide growthvactive areas)
33 +0065 | 03 7.3 | +0.48 | +0.04 | Pitting (active areas)
34 +0045 | 0.76 22 | +0.32 | 0.00 | Pitting (active areas)
35 +0080 | 075 | 16 +0.35 | +0.03 | Pitting (active areas)
36 +0.080 16 36 +0.38 | +0.05 | Pitting (active areas)
37 -0.265 0.41 +0.18 | +0.08 | Pitting (oxide growth/active areas)
38 | -0400 | 002 -0.04 | -0.03 | No pitting (oxide growth/active areas) |
39 +0.090 | 130 +0.09 | -0.09 | incipient pitting, localized etching
40 +0.156 50 +0.37 | +0.37 | Pitting
41 -0.155 | 0.1 +0.44 | +0.44 | Pitting
42 0008 | 18 +0.33 | +0.33 | Pitting

‘
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CPP Curve For Alloy CDA 715 In Test Solution Number 7. Active Corrosion
Observed During Post-Test Evaluation.
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for this solution. Post-test examination showed that active corrosion had occurred over the entire
surtace of the specimen.

Figures 6.8 through 6.11 show CPP curves for Alloy CDA 715 in Solution Numbers 8, 15, 24, and
6, respectively. Although no active peaks are presant, the curves indicate varying degrees of
passive behavior followed by breakdown of the passive film and repassivation upon reversing the
potential scan. Typically, this behavior would be representative of deep localized pitting corrosion.
Post-test examination of the specimens, however, indicated greatly varying types of attack. In
Solution Number 8 (Figure 6.8), pitting was observed along with local areas of active corrosion.
In Solution Number 15 (Figure 6.9), the specimen underwent what appears to be general active
attack with the entire specimen surface etched and no observable pitting. In Solution Number
24 (Figure 6.10), the specimen had a very dark (black) shiny oxide present with no observable
pitting corrosion. In Solution Number 6 (Figure 6.11), the specimen had local areas of active
corrosion but no observable pitting.

Figures 6.8 and 6.9 exhibited cathodic peaks dunng the reverse scan In Figure 6.9, the cathodic
peak is represented by a cathodic loop which occurred during the hysteresis portion of the
reverse scan. As mentioned in the discussion or the miscellaneous experiments, any time a
cathodic peak was observed during the reverse scan, a copper colored product was observed at
the active corrosion sites un the specimens. This cathodic peak is believed to be a redeposition
of copper back on the surtace of the specimen.

It should also be noted that, at low currents (less than 1 yA/em®), a jog in current occasionally
was observed (see Figures 6.10 and 6.11), This shift in current is created by a change in scales
in the software of the potentiostat and the actual output of the potentiostat remains steady.
Independent measurements indicate th-* the higher current value of the jog accurately represents
the current to the specimen, as opposed to the low current value. This is an inherent problem
for the potentiostat system being used but has no eff :ct on the results of the tests being reponed
in this document.

Figure 6.12 shows the polarization behavior for Alloy COA 715 in Solution Number 17. A small
hysteresis was observed following the breakdown potential. Based on the post-test evaluation,
no pitting had occurred and the specimen surface remained bright and shiny and free of any
visible oxide.

Test Solution Numbers 33 through 36 had identical solution variables and the polarization
behavior for these four tests helped define the reproducibility of the data. Figure 6.13 shows the
CPP curves for Alioy CDA 715 in Solution Numbers 33-36. Figure 6.13 and Table 6.2 indicate
that some variation occurs in the passive current density and the values of E,. The general
shape of the curves and the type of corrosion observed, based on post-test examination, were
very similar. These data provided the statistical analysis with an estimation of the variation that
can be expectad for the different corrosion parameters.

in summary, data for Alioy CDA 102 and Alloy CDA 71£ indicates that several different types of
corrosion are possible depending upon the solution composition. These data also show that
various combinations of solution variables produced localized corrosion for both of the copper-
base alloys in some regions of the factor space.
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CPP Curve For Alloy CDA 715 In Test Solution Number 8. Pittirg And Local
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Pitting Observed During Posi-Test Evaluation.

. 87 -



Cyp

a """IS-:' et | M | R ] |
CURRENT [(mA/cm2) To

Figure .10 CPP Curve For Alluy CDA 715 In Test Solution Number 24. No Pitting Observed
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Figure 6.11  CPP Curve For Alloy CDA 715 In Test Solution Number 6. Local Active Corrosion,
No Pitting Observed During Post-Test Evaluation.
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The results of our research also indicate that great care should be taken in interpreting the re sults
of electrochemical studies performed on the copper-base alloys in Tulf environments. Two
distinct types of corrosion processes have been associated with essentially identical CPP curves.
In several of the environmaents, the hysteresis on the reverse scan was correlated with classical
pitting. However, in several other environments, the hysteresis was associated with regions of
@ oxide film color change on the specimen, with apparent active corrosion sites beneath the ‘hick
oxide. This color change may be associated with a change in oxidation state of the film (e.g. from
Cu* to Cu™) andlor may represent the early stages of film breakdown. Further research is
needed 1o investigate this phenomenon.



1._STATISTICAL MATRIX - CPP TESTY) FOR Fe-Cr-NI ALLOYS

The statistical matrix of CPP tests for Alloy 3041 and Alloy 825 in each of the tes! solutions is
given in Appendix C and Appendix D respoctively. In contrast 1o the unusual behavior of the
copper-base alloys, the results of the Fe-Cr-Ni alloys were found to conform with a convuntional
interpretation of the CPP curies.

L.1_Alioy 304L

The fuil matrix of CPP tests was completed on Alic y 3041 and the actual CPP curves are given
in Appendix . Although the resulls were found 1o conform with a conventional interpretation of
the CPP curves, a slight hysteresis was present for some of the tests in which no pitting occurred.
In thesa cases, a surtace tarnishirg (thin oxide growth) occurred at the higher potentials. This
hehavor has beem observed for other alloy solution combinations in previous studies. Therefore,
some Interpretation is required in analyzing the CPP curves, as is always the case.

For Alloy 304L, significant hysteresis in the CPP curvas corresponded to pitting on the specimen
surface anJ the alwsence of hysteresis or only slight hystoresis curresponded to no observable
pitting. A wide range of behavior was observed for Alloy 304L in the test solutions including
passive behavior with no pitting, passive behavior with pitting, and active corrosion behavior.
Tabla 7.1 presents the polarization parameters selected from the matrix of CPP tests. Also
included in the table is a brief description of the specimen condition following testing. These data
were used in the statistical analysis 1o establish the significance of each of the environmental
variables on eaci. polarization parameter. Test Solution Numbers 33 through 36 exhibited
identical solution variables and the polarization behavior of *hese tests helped 1o provide an
indication of the reproducibility of the data. The comparison of CPP curves in these four solutions
is shown in Figure 7.1,

It should be noted that several of the CPP tests for Alloy 304L resulted in polarization behavior
which appears 10 Indicate active corrosion (test Solution Numbers &, 12, 13, 18, 22, 26, 27, 33,
34, 35, and 36). Although slight attack ancVor tamishing was observed for many of these
specimens, experence indicates that the amount of attack does not correspond to the currents
observed. Therefore, it is believed \at a "spurious® oxidation reaction, a reaction other than
corrosion, resulted in the high currents and, for the most pan, these tests resulted in no pitting
and the specimens remaining passive over the potential range examined.

7.2 Alioy 625

The full matrix . PP tests was also compleied on Alloy 825 using the same experimental
procedure previousiy outlined. The resulting curves are given in Appendix D. Iinterpretation of
the CPP nurves conformed with a conventional interpreta‘ion as was the case for Alloy 304L.
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Polarization Parameters For The Test Solutions In The Statistically- Designed

Matrix Of Experiments For Alloy 3041

Table 7.1
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Again, care Is required in interpreting the polarization behavior in two areas: (1) some slight

was present due 1o tamishing, thir, oxide formation, and (2) seemingly active behavior
might be the result of spurious oxidation reactions on the specimen surface and not
epresentative of corrosion. nd\wbumbdmtmmwouoaolummntnhmﬂm
CPP curves are not unique 1o this study and special attention to these detalls is given to all C
tests performed at CC Technologies.

Crevice corrosion at the PTFE holder specimen interface was more prevalent for Alloy 825 than
for Alloy 304L. This is probably due tu the Alloy B25 being inherently more resistant o pitting,
thereby making he presence of crevices more important as pit-initiation sites. Also, the pits were
much sma'ler in diumeter and, in general, more shallow for Alloy 825 as compared 1o Alloy 304L..
For four Alloy 825 CPP tests (test Solution Numbers 8, 13, 18, and 27), this crevice corrosion and
possibly the very small pits resulted in a very high passive current density. However, post-test
examination suggested a different interpretation, that is, the apparent pass. /e current was actually
a pseudo-limiting current density for pitting/crevice attacs. For these tests, the breakdown
potential for pitting/crevice and the protection potential were selected at the point at which the
forward and reverse scans, respectively, crossed at 10 pA/om’ current density. The 10 pA/om’
current density was selocted somewhat arbitrarily, but corresponds to the highe * passive current
density expectad.

As was observed with oy 3041 tests, Alloy 825 erhibited pitting behavior in several of the lest
solutions. The primary question is whether the .ange of solution variables tested realistically
simulated long-term conditions which may develop n a repository.

|

—~

Table 7.2 presents a summary of the polarization parameters selected from the matrix of CPP
tests. Also included in the table is a brie! descrigtion of the specimen condition foliowing the
testing Test Solution Numbers 33 through 36 were performed in the same solution and provide
an indicatior. of the reproducibility of the polarization behavior, the four curves are ilustri ‘ad in
Figure 7.2,

In summary, data for Alloy 304L and Alloy 825 indicate that several diffarent types of corrosion
behavior are possible depending upon thé solution composition. These data also show that
vanous combinations of solution variables produced localized corrosion for both of the Fe-Cr-Ni
alloys in some reglons of the factor space. The re wuits of our research showed that aithough the
interpretation of the CPP curves conformed with Zonventional interpretation. care is required in
these interpretations wher, thin oxide films develop over the specimen surtace and when spurious
oxidation reactions, which are not actually representative of corrosion, occur at the specimen,



Solutions In The Statistically-Designed

Polarization Pa.ameters For The Test
Matrix Of Experiments For Alloy 828

Table 7.2
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Figure 7.2.  CPP Curves For Alloy 825 In Test Solution Numbers 33 Through 36 (identical
Solutions With Average Concentrations Of Environmental Variables).
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8. EFFECTS OF TEMPERATURE ON CPP BEMAVIOR

the afte

Copper-Base




Table 8.1 Compositions Of Selected Solutions From The Experimental Matrix Used In The
Temperature-Effect Studies Of The Copper Base Alloys.

Simulated
J+°3 Well Water | J-13 Well Water

mn/ mg/

76 70102
58 642
125 121

22 1.7

69 6.4
96

* Na' and SO,"~ were used o balance the composition.
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Table 83.  Compositions Of Selected Solutions From The Experimental Matrix Used In The
Temperature Fect Studies Of Fe-Cr-Ni Alioys.

* Na' and 80, were used to balance the composition,
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Figure 8.3. CPP Curves For Alloy 304L In Simulated J-13 Well Water At 50°C, 75°C, And
90°C.

wt?
.....
4 .

i
E!*M'%'ffiﬁ .

4p- -M "‘"::

| T——

Figure 8.4.  CPP Curves For Alloy 825 In Simulated J-13 Well Water At 50°C, 75°C, And 90°C.
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Cyclic-potentiodynamic-polarization experiments were performed on heat transter specimens of
the four candidate alloys. The purpose of these experiments was 10 examine the efects of
temperature gradients on the corrosion behavior of the alloys These tests simulate conditons
at the heated canister surface. For each of the alloys, testing was conducted in simulated J-13
well water and in one acditional solution, selected from the experimental matrix.

The experimental set-up and procedures for the heat transter testing were similar to those
previously used for each alloy as described in Section 3. The heat-transler specimen, lllustrated
in Figure 9.1, was inserted through the bottom of a glass test cell, as shown in Figure 6.2, The
cell was filed with the test solution and heated to 50°C.  The heat-transter specimen was
internally heated to 90°C. The test cell was sparged with the required gas for approximately 16
hours to 100 mV more negative than the free -corrosion potential and the polential was scanned
anodically at a rate of 0.6 V/hr until a critical potential or current had been attained, the potential
was then reversed until a cathodic current was obtained. Each of the CPP experiments
performed In this subtask is given in Appendix *. These figures compare the heat transter CPP
behavior with the isothermal CPP behavior in the same environments at both 80°C and 50°C.

8.1 _Copper-Base Alloys

Each of the copper-base alloys was evaluated in simulated J-13 well water and in Solution
Number 22, which was found 1o promote pitting of these alloys in the CPP test matrix. The
compositions of these solutions are give in Table 9.1. A summary of the polarization parameters
B I Ey and E, as determined from the CPP curves, is given in Table 9.2. In simulated J-13
well water, a wnﬁtom ettect of heat transter on the polarization parameters for the copper-base
alloys Is not evident from the data. On the other hand, optical examination of the specimens
indicated that heat transter promoted more severe attack. Alloy CDA 102 exhibited pitting only
In the heat-transfer tests, whereas, more severe pitting of Alloy 715 occurred in the presence of
heat transfer than in isothermal tests performed al either 50°C or 90°C. Two additional replicate
tests of Alloy COA 102 were performed and the behavior was duplicated.

In Solution Number 22, a significant efect of heat transfer on corrosion behavior was ot evident
from the data or from optical examination of the test specimen. The values of E, for both
copper-base alloys did appear 10 be shifted in the noble direction in Soiution Number 22 as a
result of the heat transter, although this effect may have been a result of the higher temperature
of the haat-transter specimen; CPP lests in Solution 22 at 80°C were not performed.

9.2 _Fe-Cr-NI Alioys

Each of the Fe-Cr-Ni alloys was evaluated in simulated J-13 well water and in Solution Number 7,
which was found to promote pitting of these alloys in the CPP test matrix. The compositions of



HEAT TRANSFER

Figure 9.1

AC Power

Schematic Of The Heat Transfer Specimen.

<P «



Counter Electrode
Lead 1o Potentiostal

Reference Elecirode
Lead to Potentiontiat

REFERENCE
COMPARTMENT

Working Electiode

WORKING Lead 1o Potentiostat

COMPARTMENT

Figure 9.2  Electrochemical Cell For Ambient Pressure Potentiodynamic-Polarization
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Table 9.1 Composition Of J-13 Well Water And Solution Number 22 Used For The Meat:
Transter Studies Of The Copper Base Alloys.

Simulated
Environmental | J-13 We ' Water | J-13 Well Water | Solution N* 22
Species mg/! mg! -
pH 76 70202 10.0
810, 58 64.2 215
HCO,~ 128 121 04
F- 22 1.7 0.04
cI- 69 64 1000
NO,~ 96 124 1000
80, 18.7 19.2 )
NO, "~ . . 0.0
H,0, : . 200
AP 0.012 ~ 08
Fe' 0.006 : 0.0
Ca" 125 120 0.8
Mg 19 1.7 0.004
K 5.1 55 0.08
Na’ 44 46 X
PO 0.12 : 0.01
Aoid | . . 172

* Na' and 8O,"" were used to balance the composition,
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Table ¢ 2 Comparison Of CPP Paramelers For lsothermal And Heat Transler Specimens Of
Alloy CODA 102 And Alloy CDA 715

Atoy _romperstureSolution| v, §38 [ua'em v, 8ot |v, Bt ~ Comments

CDA 102 | 0°C J13 | 0080 | 200 | +0.140 | -0.038 | Changes in oxide
CDA 102 50°C J13 | 0020 | 030 | +0.110 | -0.080 | Changes in oxide
CDA 102*| 80°C JAg | 0021 | 048 | «0.103 | -0.078 | Pitting
CDA 102¢t| S0°C JA3 | 0018 | 043 | «0.110 | 0015 | Pitting
CDA 102¢| S0°C JI13 | 0028 | 031 | +0113 | 0075 | Piting

CDA 715 90°C JA3 | 0265 | 041 | +0.180 |+0.08y | Pitting
CDA 715 50°C JA3 | +0026 | 060 | +0.190 | -0.080 | Pitting
CDA 718* | 80°C JA3 | 0015 | 018 | +0.180 | -0.050 | Pitting

CDA 102 50°C 22 |+0.060 | 560 | +0.060 . Piting, oxide growth
CDA 102* 50°C 22 |+0.100 | 062 | +0013 . Pitting
CDA 718 50°C 22 |+0073 | 100 | +0.020 . Pitting, active areas
CDA 718* |  50°C 22 [+0.113 | 140 | 40038 | - |Pitting, etching

b 2 il £ R T AN

. Heat Transler Specimen, 90°C
1 Heat Transter Specimen, 90°C, Repeat Test
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these solutions are  ven in Table § 3. A summary of the polarization parameters, as determined
mmmum.uwmtmo.4. Table 9.4 also shows the

examinations of the CPP specimens testing. The actual CPP curves are given in
MF. For Alloy 3040 in simulated J-13 well water, wvmmu» Ic cal
m the CPP mmrmmymwmmmm at

In Solution Number 7, however, the data and optical examination of the specimens revealed that
no significant changes in corrosion behavior ocourred as a result of lemperature gradients. As
with the copper-base alloys, the values of E, and did appear to be shited in the noble
direction as a result of the heat transter, lm\ouohuuo may have been a result of the higher
temperature of the heat-transter spacimen; CPP tests in Solution Number 7 at 90°C were not
performed.




Table 93 Composition Of J-13 Well Water And Solution Number 7 Used For The Heat:
Transter Studies Of The Fe-Cr-Ni Alloys.

J:13 Well Water
A

76
58
125
22
69
96

* Na' and SO," were used to balance the compostion.



Table 9.4 Comparison Of CPP Parameters For Isothermal And Heat- Transter Specimens Of
Alloy 3041 And Alioy 825.

’ Heat Transfer Specimen, 90°C
t Heat Transter Specimen, 80°C, Repeat Test



Cyoclic-potentiodynaric-potarization experiments were performaed on welkded specimens of the four
candidate alloys. The purpose of these experiments was 1o examine the eMects of welding on
the corrosion behavior of these alloys. For each of the alloys, testing was conducted in simulated
J-13 well water and in two other solutions selected from the experimental matrix. For the copper-
base alloys, testing was performed in Solution Number 7 ana Solution Number 29. For the Fe-Cr-
Ni alloys, testing was performed in Solution Number 7 and Solution Number 25. The
experimental set-up and conditions were similar to those previously used for each of the alloys,
as desc ibed in Chapter 3. The tests were all run at a scan rate of 0.17 mV/sec (0.6 V). CPP
ourves from each of the experiments perforined in this subtlask are given in Appendix G.

Professor R, G. Thompson of the University of Alabama at Birmingham (UAB) was retained as
a consultant in the preparation of the welds. Justifications for the welding procedures and welding
parameter data sheets were prepared for each of the four alloys and are given in Appendix M.
These procedures were based on current recommended Industrial practices. It was our
undarstanding that the DOE had not yel prepared welding procedures for the waste container at
the time of specimen preparation. Plate and rod material of each of the four alloys was oblained
and shipped to UAB for welding Prior to welding, V-shaped grooves were machined
longitudinally in each of the plates, which measured 152.4 mm (6 in.) x 304.8 mm (12 in) =
635 mm (0.25in). A welder, who is licensed for welding nuclear power plant vessels, performed
the actual welding. Cylindrical electrochemical specimens were then machined longitudinally from
the actual weld and evaluated by the cyclic-potentiodynamic-polarization (CPP) technique.

10.1_Copper-Base Alloys

Each of the copper-base alloys was evaluated in simulated J-13 well water and in Solution
Number 7 at 90°C. Solution Number 7 was selected as it was previously shown 1o exhibit active-
corrosion behavior of the wrought material.  Solution Number 29 was also evaluated with the
copper-base alloys at 50°C. Solution Number 29 was previously shown 1o promote pitting of the
wrought copper-base alloys. The compositions of these solutions are given in Table 10.1.

Table 10.2 is a comparison of the polarization parameters €, |, E,, and E,, as determined from
the CPP curves. These data, In addition 1o the optical examinations, show that the welded
copper-base alloys were somewhat more susceptible to localized corrosion than the wrought
alloys in the simulated J-13 environment. In Solution Number 7, no appreciable change in
polarization parameters, as a result of welding, was observed for Alioy CDA 715, CPP curves
for walded specimens of Alloy CDA 102, shown in Figures G10 and G11, exhibited a hysteresis
loop which typically indicates localized attack. However, optical examination of the welded Alloy
CDA 102 specimen revealed very slight etching. No hysteresis loop was evident in the data for
the wrought alloy, shown in Figure G8  Again, these observations help to lllustrate that the
copper-base alloys do not appear to exhibit CPP classical behavior.



Table 101 Compositions Of J-13 Well Water And Selected Solutions From The Experimental
Matrix Used In The Welding-Eftect Studies Of The Copper-Base Alioys.
Environmental | J-13 Well Water Mm Solution N* 7 | Solution N* 29
Specles mg/ mg/ mg/l mg/
pH 76 70402 5.0 5.0
8$i0, 58 642 215 215
HCO,* 125 121 0.4 2r )0
F- 22 1.7 004 200
CI- 69 64 1000 1000
NO,~ 96 12.4 0.2 0.2
80"~ 18.7 192 ¢ ‘
NO," 0.0 200
H;0, 0.0 00
Al 0.012 0.0004 0.0004
Fe™ 0.006 0.0 0.0
Ca™ 125 12.0 08 08
Mg* 19 1.7 08 0.004
K 5.1 55 0.08 408
Na' 44 46 ' :
PO 0.12 20 0.01
172 172

Oxalic Acid

* Na' and SO,'~ were used o balance the composition.
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in Solution Number 29, both of e welded copper-base alloys generally exhibited lower free-
corrosion potentials and higher corrosion currents, unwekded specimens. Optical axamination of
the welded specimens revealed only oxide growth and no pitting; some pitting of the wrought
specimens was observed. These observations, along with the actual shapes of the CPP ourves,
sugges! that the welds in the copper-base alloys exhibited less of a tendency to passivate than
the wrought matenial. This bohavior could lead o galvanic corrosion of the welds and warrants

further study.

10.2_Fe-Cr-Ni Alloys

Each of the Fe-Cr-Ni alloys were evaluated at 90°C in the following test solutions:

(1) Simulated J-13 well water,
(2)  Solution Number 7, which promoted pitting of the Fe-Cr-Ni alloys, and
(3)  Solution Number 25, an wuctive-corrosion solution for the Fe-Cr-Ni alloys.

The compositions of these solutions are given in Table 10.3.

The CPF curves for the wrought and welded specimens of Alloy 304L and Alioy £25 are given
in Appendix G. Table 10.4 is a comparison of the polarizaton parameters E,. i, E and E_
as determined from these CPP curves.

These data, in addition to the oplical examinations of the specimens, show that, in simulated J-13
well water, neither wrought nor welded specimens of Alloy 3041 exhibited any attack. In the case
of Alloy 825, the CPP curve for the welded specimens did not exhibit hysteresis, but some etching
was found & ound bubbles that formed on the specimen.

In Solution Number 7, no appreciable effect of waiding on the polarization parameters was
observed for either of the Fe-Cr-Ni alioys. Optical examination revealed pitting in both the
wrought and welded specimens. In Solution Number 2§, the welds performed as well as, and in
some cases slightly better than, the wrought material. There was no Indication that the welds
were more susceptible to attack than the wrought material. Variation in the corrosion parameters
between the welded and wrought specimens is probably attributable to scatter in the data.



Table 10.3

Compositions Of J-13 Well Water And Salected Solutions From The Experimental

Matrix Used In The Welding Efect Studies Of The Fe Cr NI Alioys.

* Na' and SO,"~ were used to balance the composition.

Environmental | J-13 Well Water | J-13 Well Water | Solution N* 7 | Solution N* 25
Species mg/ mg/ mg/ mgi
pH 76 70402 50 50
810, 58 64.2 218 218
HCO,* 125 121 0.4 2000
F- 22 1.7 0.04 200
(ol 6.9 64 1000 02
NO,~ 06 124 0.2 1000
80" 18.7 192 : '
NO," 0.0 00
H,0, 0.0 0.0
AP 0.012 0.0004 0.8
Fe" 0.006 0.0 0.0
Ca™ 125 12.0 08 08
Mg 1.9 1.7 0.8 08
K 5.1 55 0.08 408
Na' 44 46 : !
PO 0.12 20 0.01
Oxalic Acid




Table 104  Comparison Of CPP Parameters For Wrought And Weided Specimens Of The Fe-Cr-Ni Alloys.
—ﬁ
Soiution Test E. R E&
Alloy [T V,SCE | pAlem® | V, v, Comments
304L 90°C J-13 0125 012 +0.800 +0 800 No pitting.
304L° 90°C J-13 0226 0.06 +0.821 +0.821 No attack.
825 90°C J-13 0.650 0.08 +0.700 +0.700 No pitting.
825* 30°C J-13 0.142 0.03 +0.744 +0.744 slight etching.
304L 90°C 7 0.035 0.21 +0.090 0.12¢ Pitting.
304L" 90°C 7 0.150 0.06 +0.100 0.100 | Pitting.
825 90°C 7 0.09C 0.27 +0.600 +0.150 Pitting.
825° 20°C 7 2123 0.12 +0.691 +0.136 Pitting.
304L 9G°C 25 0.075 023 +0820 +0.790 No pitting.
304L° 90°C 25 0.c00 0.09 +0.989 +0.989 No attack.
825 30°C 25 0.420 VR E! +0.700 +0.600 Local active attack.
825 90°C 25 -0.083 0.05 +0.690 +0.620 indescent oxide.
‘—h — =
* Welded specimens.

NOTE: J-13 is simulated J-13 well water.



11._DISCUSSI N

The overall objective of Task 2 of the research p ‘gram was t0 éxamine the efects of
environmental and metallurgical variables on the eie« ‘ochemical behavior of the candidate
container mat arials. The intent of the work was not to pr ide long-term predictive capability but
10 identity the types of behavior that reasonably could 0. ur in the geologic repository over the
life of the canister and the important variables atfecting 1 at behavior.

An experimental test matrix was formulated in an eftort to evalvate corrosion behavior over the
possible range of environmental species that may occur. The major difficulty encountered in
designing these synthetic test solutions is In defining the geochemistry and the actual
environmenis to which the canister will be exposed. It is important to iacognize that failure of
engineered structures by corrosion rarely occur in environments that resemble the nominal
environment for which the alloys were selected. In the case of tho Tutt Repository, the J-13 well
water is probably the most dilute environment that can be expected within the repository since
boiling of the groundwater and its interaction with the hcst rock at elevated temperatures will tend
1o concentrate most species. The presence of the radiation field will generate new species, such
as nitrites, carboxylic acids and hydrogen peroride. Those species that are not volatile also may
concentrate at the surtace of the canister as a result of the combination of bolling and radi~qon.

Accordingly, the simulated J-13 well water is probably 100 dilute to accurately represent the
groundwater which will actually contact the waste canisters. However, exposure testing in this
environment provides good base-line information and a confirmation of the extensive research
performed by the Department of Energy in J-13 well water. An alioy that performs poorly in the
J-13 well water probably can be rejected for further consideration as a container material. On the
other hand, it cannot be concluded that an alloy that performs well in J-13 well water is
acceptable for construction of the waste containers.

11.1_CPP Tests in J 13 Well Water

Cyclic-potentiodynamic-polarization tests were performed in simulated and actual J-13 well water
(Tutf groundwater) to reproduce and verity the polarization behavior observed by McCright (1985)
at Lawrence Livermore National Laboratory and to establish that the simulated J-13 water
produced similar corrosion behavior 10 the actual groundwater. The results of the experiments
performed at Cortest Columbus Technologies, Inc. on Alioy CDA 102 showed that the curves
were similar, having only slight differences in the polarization parameters. Repetition of these
experiments verified the similarities. This indicates that the prepared solutions can reasonably
simulate actual well water extracted irom the Tuff site. These data, when compared with
McCright's data, also indicate that the experimental procedures used for the NRC project are
capable of reproducing the pc'arization behavior observed at Lawrence Livermore National
Laboratory under similar test conditions.

The results of the CPP experiments performed in simulated J-13 well water showed local changes
in oxide for both of the copper-base alloys. Alloy CDA 715 was also found to exhibit local active
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was a fold-over design of two groups of 16 experiments, with each variable having a high and low
level. The 32 highlow level combinations were required to determine the main-effect terms for
fiteen variables, giving 32 CPP tests for each alloy. Four additional replicate experiments were
also performed for each alloy in an average solution consisting of midpoint concentrations for
each variable. These replicate CPP tests were used to estimate the experimental error. A
concentration tactor of about 200X was used for many of the species. Aithough the concentration
factor may be too low for some of the species, it is considered to be reasonable for a screening
matrix. For example, chloride and nitrate concentrations of 1000 ppm were used in the test
matrix, whereas Abraham (1986) reported concentrations of 236 ppm and 750 ppm for chioride
and nitrate respectively following six-month boil-down tests. Thus, much higher concentrations
are possible for these species within the repository over hundreds of years.

Each individual test solution represents an individual point within the 15 dimensional factor space.
While it is not known whether these specific environments will be encountered, the maximum
concentrations of the majority of the species within the solutions are thought to be reasonable,
based on the above discussion. If the factor space is believed to be reasonable, poor
performance by a candidate container alloy in any of the solutions from the test matrix needs 10
be examined carefully in terms of the expected environment within the repository. Further
geochemical research also is needed to better define the repository environment over the lite of
the canister emplacement.

It should be recognized that the test matrix was designed as a screening matrix 10 identity
important species, or regions of the environmentzs factor space, with respect 1o corrosion of the
container materials, where additional research is needed. The matrix of tests performed was the
absolute minimum necessary to obtain the main-effect terms for each of the variables free and
clear of two-factor interactions. The actual data from these tests were not intended to provide
predictive capability on long-term corrosion behavior.

For each of the four candidate alloys tested, the CPP data indicated that several types of
corrosion were possible depending upon the alloy and the solution composition. The types of
corrosion behavior observed for the ditferent alloys insiuded general and localized active attack
(etching’, pitting, intergranular attack, and crevice corrosion. Each of the four alloys tested was
found to undergo localized corrosion in some regions of the tactor space.

The results of our research also indicate that great care is required in interpreting the results of
the electrochemical studies for both the copper-base and the Fe-Cr-Ni alioys. For the copper-
base alloys, two distinct types of corrosion processes were found to be associated with essentially
identical CPP curves. in several of the simulated environments, hysteresis that occurred on the
reverse scan was correlated with classical pitting. In several other simulated environments,
hysteresis was associated with regions of oxide film color change on the specimen without an
apparent increase in the rates of attack. This color change may be associated with a change in
oxidation state of the film (e.g. from Cu' 1o Cu™") and/or may represent the early stages of film
breakdown. Further research is needed to investigate this phenomenon.

The Fe-Cr-Ni alloys, on the other band, were generally found to conform with convunional
interpretation of CPP curves. There were, however, a few instances where only 2 surface
tarnishing (thin oxide growth) occurred at the higher potentials. This may have resulted in a
different catalysis of the water breakdown reactions which manifested itself as 2 small amount
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of hysteresis. In other instances, slight attack and/or tarnish was observed, but experience
indicated that the amount of attack did not correspond to the currents observed. In these cases,
it is believed that a spurious oxidation reaction, a reaction other than corrosion, resulted in the
high currents. For the most pan, these tests resulted in no pitting and the specimen remaining
passive over the potential range examined.

The electrochemical data for the four candidate container alloys were entered in ASCI tiles.
These data were then verified with the original CPP curves and analyzed by Dr. W. R. Harper of
Resource International, Inc. in Columbus, Ohio using a SAS (SAS Institute, Cary, NC) statistical
package. Summaries of the results of the statistical analyses are presented in Tables 11.1
through 11.4. In these tables, the classica! terms E, and E,, were used for the pitting potential
and protection potential, respectively, for the Fe-Cr-Ni alloys. On the other hand, the term E, and
E,, were used to describe the breakdown potential and repassivation potential for the copper-base
alloys. As described previously, the copper-base alloys did not always exhibit classical pitting
behavior and the distinction in the electrochemical terms was made to reflect this fact.

The data in Tables 11.1 through 11.4 are based on an 80 percent confidence level, whic.: “eans
that one accepts a 20 percent probability that a variable does not have an effect. This is a typical
confidence level for a screening experiment. Variables having a higher confidence level (90
percent) are indicated in the tables with an asterisk. The confidence level is determined from the
F statistic for the variable which is a ratio of two variances; i.e., the sum of squares explained by
each tactor when entered into the regression equation divided by the residual mean square error.
In general. when the calculated F statistic is large (corresponding 10 a high confidenc - ‘evel) it
indicates that a large amount of the experimental variation is explained by this term in ¢ - ranson
to the arror vanation. The statistical error consists of two components; experimental eror and
erroi due to the fact that a full factorial experimental design was not performed. For each alloy,
four replicate CPP curves were performed at the midpoint concentrations to assess the
experimental error. In general, this error was found to be a small component of the overall
variation of the measured parameters.

The results in the tables are presented as intercepts anc coefficients for the regression equation:
Y= a, + za, X,

where Y is the corrosion parameter, a, is the intercep!, a is the coefficient for the iy, Solution
variable, and x is the concentration of variabie i. It shouid be cautioned that the Resolution IV
design is a screening design to wentify important environmental ‘-ariables and inclusion of a
regression equation does not imply a predictive capability.

The units of the coefficients vary depending upon the corrosion parameter and the solution
variable and are a ratio of units. For the potential-related parameters, the units of the numerator
are mV. For the current parameters, the units of the numerator are pA/cm®. The units for the
denominator for most variables are mg/; the units are °C for temperature, volume percent for
oxygen and pH units for pH. Thus, for the corrosion parameter E,, and the solution variable Cl,
the units of the coefficien: are mV/mg/l.

in these tables, a positive sign in front of the coefficient indicates that an increase in the
concentration of a variable increases the value of the corrosion parameter. It should be cautioned
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Table 11.1

Summary Of The Statistical Analysis For Alloy CDA 102. Coefficients Were
Selected Based On 80% Confidence Level. (Solution Numbers 1 Through 36.)

COEFFICIENTS FOR MAIN EFFECTS I

mv pA'/.;m’ :.'v :;V
0.141 - 0.384 0.136
-0.036 * 83 x 10* 0.092* -

- — 0.338 0.180 *
-0.028 — -0.078 -0.069 *
0.030 - . s

- - - 0.190 *
0.411° 0.014 o -

- - - -38.621

- - - -42 454

-35.433 - .
23376 * - - =

- 0.022* - phE
1640 * 0.079 * - - l
1.975* e . -
6.553 0414 34,305 * -

140 2672 -155 84.924
0.548 0.274 0.369 0.218

* Based on 90% confidence level,

. 95 -



Table 11.2  Sunimary Of The Statistical Analysis For Alloy CDA 715. Coefficients Were
Selected Based On 80% Confidence Level. (Solution Numbers 1 Through 36.)

COEFFICIENTS FOR MAIN EFFECTS
Varlable - pA:/'Sm' h. :&
Si0, 0.271 - - —
HCO,~ 0.039 * 18 x107°* 0.191* 0.058 *
F- 0333 * - - —_
cI- 0117 26 x107° - 0.105 *
NO,~ - - 0,102 * -
NO,~ - - - -_
H,0, 0.350 * - — —
Ca* - - - -
Mg e ot — 81.372
AP ~ e - 70,568
PO~ -27.707 - —_ -
Oxalic Acid - 0.015 * - 0.417
0, i - - -
Temperature -2.781* - - —
pH - 0.518 * 34.036 * -
intercept 305 2.424 116 -74.880
Adjusted R® 0.400 0.134 0.555 0.233

* Based on 90% confidence leval.



Table 11.3  Summary Of The Statistical Ana!ysis For Alloy 304L. Coefficients Were Selectad

Based On 80% Confidence Level. (Solution Numbers 1 Through 36.)

COEFFICIENTS FOR MAIN EFFECTS

Varlable :\'\7 ub’cm’ n";‘.! :W‘
Si0, 0276 " - - -
HCO,~ -0.031 * 48 x 10 0.045 —
F- -0.365 * - — -
ci- -0.046 * 13 x 10 -0.226 * -0.594 *
NO,~ — - 0.102* 0.240 *
NO,~ - - - -
H,0, 0.885 * 1.0 x 107 - -
ca™ 53.160 - - -
Mg™ - - - - |
AP -53.911 - - =
PO~ - - — 66,674
Oxalic Acid - S — -
783
0.575

* Based on 90% confidence level.
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4 Summary Of The Statistica’ \nalysis For Alloy 825. Coefficients Were Selected

Rasad On 80% Confidence Level. (Solution Numbe 8 1 Thre ugh 36.)

COEFFICIENTS FOR MAIN EFFECTS
| E | E

(S 5 oo i o

Variable mV pA/em* mVv mV




that the magnitude of the coetficient be considered in the context of the range of the variable; the
ranges of oxygen, temperature and pH are much smaller thar the ranges for many of the other
variables. The coefficient must be multiplied by the range of the solution variable to determine
the n.agnitude of the effect on the parameter. Also included in the tables are the adjusted R’
values, which indicate the percentage of the observed variation for the corrosion parameter that
can be explained by the solution variable; an adjustment is made in the R* value for the number
of experiments and the number of parameters estimated in the regression.

Further discussion of the coefficients for the copper-base alloys and the Fe-Cr-Ni alloys is given
in separate sections below. These sections also present the statistical data in a bar-chan format.
The data in these bar charts were re-analyzed to account for the concentration of the variables
to clearly portray the important variables, and the magnitude of their etects on specific corrosion
parameters for each alloy.

11.2.1 Copper-Base Alloys

A summary of the significant main-effect terms for Alloy CDA 102 for each of the four corrosion
parameters (E,. L. E, and E,) is given in Table 11.1. Figure 11.1 gives the direction and
magnitude of the effect of the solution variables on these parameters for Alloy CDA 102 These
data show that several of the variables atfected E_, with H,0, having the largest positive effect
(increased E_,) and temperature and HCO, having the largest negative effects. The eftect of
H,0, on E_, is reasonable since H.0, is a strong oxidant while some of the other effects are more
difficult to explain. The adjusted R’ value was moderate, 0.55, indicating that 55% of the variation
in the data was explained.

With regard to |, the data trends were quite reasonable with the oxidants, H,O, and O,
increasing i, and HCO,,a passivating species, decreasing |, an increase in pH also decreased
i The adjusted R’ value for i, was low; 0.274. Chloride exhibited a negative effect on both
E, and E,, while SiO, and F~ exhibited a positive effect on both parameters. pH and HCO, aiso
exhibited positive effects on E, while NO,” exhibited a positive effect on E,. The adjusted R’
values for both E, and E; were low at 0.369 and 0.218 respectively.

As previously des.. - ed, the concentrations of A™, Mg™*, and Ca’* in the original test matrix were
inadvertently prepared at lower than desired concentrations. Accordingly, a small matrix of tests
was performed to independently evaluate the effects of these species on corrosion behavior in
an average solution (all other species at their average concentrations). Aluminum was excluded
from the evaluation since it was determined that its solubility was so low in the test solutions that
it was impossible to meet the design concentrations. A summary of the results of this matrix ot
tests is given in Table 11.5 and data for CDA 102 are given in Figure 11.2. These data show that
there was no effect of Ca™, Mg™, or pH on E_, or E, while Mg** exhibited a positive effect on l,'
and pH exhibited a small positive etfect on E. This was a fully saturated design, thus the R

value is one.

A summary of the significant main-effect terms for Alloy CDA 715 for each of the four corrosion

parameters (E,, I, E, and E) is given in Table 11.2. Figure 11.3 gives the direction and
magnitude of the effect of the solution variables on these paramaters for Alloy CDA 715. These
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Table 11.5

Summary Of The Statistical Analysis For Each Of The Four Alloys In Solution
Numbers 39 Through 42. Coefficients Were Selected Based On 80% Confidence

Level.
COEFFICIENTS FOR MAIN EFFECT

ALLOY VARIABLE E.. oo E,, Of E, E,. of E,

calb = _L ] =
Mg™ — —_ 10.377 18.704

825 pH -68.500 — - —
intercept 609 8 0.100 652.0 1879
C." o, s = =
wh - ot o ==
304L pH 27.000 * 0.050 * 19.100 * -
Intercept 365.3 -0.220 549 £ -451.3
Ca™ - - - -
Wb o — S .
CDA 715 pH 40.800 1.609 - -
Intercept 2042 21.085 -62.9 -164.6
Ca™ — — - -
Mg* - 0.176 — —_

CDA 102 pH — 0.400 - 8.600 *
1 Intercept 53.2 -0.713 25.2 -23.0

* Based on 90% confidence level.
Breakdown potential (E,) and repassivation potential (E,) are used for the copper-base
alloys rather than E,, and E,.
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Figure 11.3 The Effects Of Solution Variables, Over The Defined Concentration Ranges, On The Corros.an Parameters For Alloy
CDA 715 In Solution Numbers 1 Through 36.
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on any of the test parameters. pH exhibited a small negative effect on E_, and small positive
effects on |, and E,,. This was a fully saturated design, thus the R’ value is one.

Table 11.4 and Figure 11.7 are a summary of the significant main effects for Alloy 825 for each
of the four parameters. With regard to E_, the general trends with Alloy 825 were similar to
those observed with Alioy 304L, but fewer variables were found to be imporntant for Alloy 825,
In addition, the oxygen coefficient for Alloy 825 was positive instead of a negative coetficient,
which was observed with Alloy 304L. The adjusted R’ value for E_, of Alloy 825 was moderately
high; 0.66. Only three variables were found to atect |, for Alloy 825; H,0, Mg™, and
temg.rature. H,0, and temperature had positive effects on i, while Ma had a negative effect.
The adjusted R’ value for i, of Alloy 825 also was very low; 0.120. The data for E,“'Of Alloy 825
were quite peculiar; only three variables were found to affect E, (F -, H,0,, and Mg™). The Mg™
eflect was quite large, while the coefficient for F was found to be positive and no Cl~ efiect was
found. In addition, the adjusted R* value was low 0.143. This behavior may reflect the fact that
the pitting potential for Alloy 825 were very high in many cases and the measured value may
indicate water breakdown as opposed to actual pit initiation.

The protection potential for Alloy 825 was affected by six solution vanables. Chloride exhibited
a negative effect while NO,~ was beneficial, increasing E ., Similar effects were observed for
Alloy 304L and are reasonable based on the behavior of these species. The effects of the other
species on E,, are not readily explainable. Both Mg™ and H,0, both exhibited regative effects
on E,. which were similar in magnitude to their effects on E,, The adjusted R’ value for £,
of Alloy 825 was moderate at 0.412.

A summary of the results of the matrix of tests performed on Alioy 825, in which the effecis uf
high levels of Mg** and Ca™ on the CPP behavior was evaluated,is given in Table 11.5 and data
for Alloy 825 are given in Figure 11.8. These data indicate that Mg™* exhibited positive effects
on E, and E,, These trends are the opposite of those observed at the lower concentration
levels in the main matrix, as described above. The only other etlect evident in the small matrix
was pH which exhibited a nagative effect on E_,. This was a tully saturated design, thus the R’
value is one.

For passive alloys suct. as Alloy 304L and Alloy 825, the most important parameters in predicting
long-term performance are E,, €, and £, General corrosion rates are usually quite low for
passive alloys and decrease with time. Those solution species that cause noble (positive) shifts
in E, or negative shifts in E, or E_, may promote localized corrosion while solution species that
tend to separate E_, from E,, or E_, are beneficial. Based on this analysis, HCO,", NO,", and
pH are beneficial for Alloy 304L and warrant further study. Similarly, detrimental variables for
Alloy 304L are CI~ and H,0,.

For Alloy 825, the expected detrimental effects of CI~ and H,0, on corrosion behavior were
found, along with the beneficial effect of NO,~. However, many of the other effects are ditficult
to understand. This may be a reflection of our poor understanding of solution chemistry effects
on corrosion or the generally low values of R’ found in the study for all four alioys. This poor
predictive capability is probably the result of three tactors; (1) the limited number of tests run for
the large number of experimental variables, introducing a large amount of statistical error in the
results, (2) interaction among the solution variables, such that they are not truly independent
variables, and (3) variation due to factors other than main effect terms {two- or three-factor
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interactions and quadratic terms). Nevertheless, the statistical matrix of CPP tests provided an
increase in our understanding of the types of behavior that are possible and identified important
vanables for turther study.

113 Thermal Etfects on CPP Behavior

The thermal etfects on the corrosion behavior of the four candidate alloys were evaluated by the
cyclic-potentiodynamic polarization technique with two different test methods. The first series of
thermal-effects experiments examined the changes in corrosion behavior when CPP tests were
performed with each of the alloys at 50°C, 75°C, and 90°C in selected environments. The second
series cf thermal-effects experiments examined the effects of heat transter on the corrosion
behavior by the CPP technique utilizing specimens which were internally heated to 90°C while
maintaining the selected test solutions at 50°C. The environments selected for each of these
studies were based on the results of the CPP tests from the experimental matrix. For
comparative purposes, all four alloys were evaluated in simulated J-13 well water,

11.3.1_lsothermal Tests

The results of the research performed in simulated J-13 well water showed that the effect of
temperature on the CPP behavior at the free-corrosion potential to be similar for each of the tour
alloys. With the exception of Alloy CDA 102, the values for E_, for each alloy were found to
become more negative as the temperature was increased while the corrosion rates were similar
for all three temperatures. This behavior is indicative of passive alloys. For Alloy CDA 102, the
corrosion current density increased with increasing temperature while no significant change in the
corrosion potential was observed. This behavior is indicative of an actively corroding alloy.

For Alloys CDA 102 and CDA 715 in simulated J-13 well water, there was no systematic effect
of temperature on the values of E, and E,. The CPP curve for Alioy CDA 715 exhibited a limited
passive range prior to film breakdown in the simulated J-13 well water. Optical examination of
Alioy CDA 715 revealed localized changes in the oxide film and a few shallow pits corresponded
with these localized active areas at all three temperatures. Optical examination of Alioy CDA 102
following the CPP tests showed localized variations in the oxide coloration. Although significant
differences in the repassivation potential were also noted for Alloy CDA 102 at the different
temperatures, no temperature-dependent trends were evident. It is possible that the wide range
of rapassivation potentials can be attributed to the irregularities in the oxide layer from test to test.

For Alloy 825 in simulated J-13 well water, values of E;, and E, decrease with increasing
temperatures. However, no pitting or hysteresis was observed in the tests.

Alloy 304L was found to exhibit anomalous CPP behavior at /5°C. Hysteresis occurred in the
CPP curve for Alloy 304L in the simulated J-13 wel. water at only 75°C and optical examination
revealed pits on the bottom of the specimen following the test. No pitting or hysteresis was
evident at either 50°C or 90°C. Glass (Glass-1984) also observed a slight increase in corrosion
rate at 70°C as compared to rates obtained at 50°C and 90°C in Tuff-conditioned J-13 well water.
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CPP tests were also performed in three other environments selected from the experimental test
matrix to aid in further evaluating the effects of temperature on corrosion behavior. The copper-
base alloys were evaluated in Solution Numbers 7 and 10, and the Fe-Cr-Ni alloys were
evaluated in Solution Numbers 7 and 20. Solution Number 7 was selected for evaluation as it
was shown to promote active corrosion of the copper-base alloys and pitting of the Fe-Cr-Ni
alioys. Solution Wumber 10 was also chosen as it was found to promote passivation and pitting
of the copper-base alloys whereas Solition Number 20 promoted this same corrosion behavior
of the Fe-Cr-Ni alloys. Both Solution Number 10 and Number 20 had a pH of 10. Each of the
three test solutions contained 1000 ppm chioride. Solution Number 10 also contained 1000 ppm
bicarbonate whereas Solution Number 20 contained 200 ppm nitrite.

The results of the CPP experiments in Solution Numbers 7 and 10 showed that neither of the
copper-base alloys appeared to show any systematic trends in the polarization parameters.
Optical examination of the specimens following the CPP tests also failed to show any observable
differences as a result of the temperature differences. These data suggest that there is not a
strong temperature dependence of the corrosion behavior of the copper-base alloy/synthetic
environment systems evaluated over the limited temperature range of 50°C to 9u°C.

The results of the CPP experiments with the Fe-Cr-Ni alloys in Solution Numbers 7 and 20
showed that neither of the alloys exhibited any systematic trends in the polarization parameters.
Optical examination of the specimens revealed pitting of both alloys in both of the selected
environments with no observable differences as a result of the change in the solution
temperature. Again, the apparent lack of any systematic trends in the CPP data or in the post-
test evaluation suggest that there is not a strong temperature dependence of the corrosion
behavior of the Fe-Cr-Ni alloy synthetic environment systems evaluated over the limited
temperature range of 50°C to 90°C.

11 T, lent T

The effects of temperature gradients were evaluated by the CPP technique using heat-transter
specimens of the candidate alloy  All of the tests were performed in 50°C simulated solutions
selected from the experimental matrix while maintaining the temperature of the specimen at 90°C.
Eachi of the four alloys was evaluated in simulated J-13 well water. The copper-base alloys were
further evaluated in Solution Number 22 and the Fe-Cr-Ni alloys were evaluated in Solution
Number 7. Each of these environments contained 1000 ppm chloride and 172 ppm oxalic acid
and had a pH of 10 and 5 respectively. These solutions were found to promote pitting of the
alloys in earlier CPP testing.

The results of the research and optical examination following testing in simulated J-13 well water
showed that temperature gradients appeared to be detrimental to the corrosion hehavior of each
of the four alloys as evidenced by the more severe etching and pitting that occurred during the
testing. Testing was repeat<J with Alioy CDA 102 to reconfirm the corrosion behavior. The data
from the repeat tests shuwed the CPP curves and corrosion behavior to be reproducible. The
occurrence of pitting o Alloy 825 was quite surprising and that particular test was also repeated.
Again, the data from that repeat test showed the CPP curve o be reproducible.
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The results of the experiments performed with the copper-base alloys in Solution Number 22 and
the Fe-Cr-Ni alloys in Solution Number 7 all revealed that no significant changes occurred in the
corrosion behavior as a result of the temperature gradients. Optical examination of the alloys
following the CPP tests in Solution Numbers 22 and 7 revealed pitting of the heat-transter
specimen which was no more severe than the pitting that ocourred in earlier CPP testings in the
absence of heat transter. For each of the alloy/simulated environment systems tested, the values
of E,, and EJE , did appear to be shifted in the noble direction as a result of the heat transter;
however, this oﬁoc\ may have been a result of the increased temperature of the heat-transter
specimens.

The CPP behavior of the candidate alloy is interesting in that the heat transter was detrimental
only in the simulated J-13 well water, which was the least aggressive environment tested. The
non-aggressive behavior of the simulated J-13 well water can be attributed to the relatively high
concentration of corrosion inhibitors, in comparison to aggressive species such as chloride. It
may be speculated that the detrimental behavior of the alloys in the presence of heat transter is
the result of concentration of the aggressive species at the metal surtace. The inhibitors, such
as carbonates or silicates, tend to be less soluble than the aggressive species and thus would
be expected to achieve lower concentrations at the metal surface in the presence of heat transfer,

11.4_Effects Of Welding On CPP Behavior

The effects of welding on the corrosion behavior of the four candidate alloys were evaluated by
the CPP tec'r 'que. Each of the CPP tests was performeu on cylindrical electrochernical
specimens ma ined from the actual weld and the results of the tests were compared with CPP
curves for the wrought material. Testing was performed in simulated J-13 well water tor each of
the alloys and in one environment that promoted pitling and in one that promoted active corrosion
of the wrought alloys.

The results of the research in simulated J-13 water showed that the copper-base weids appeared
to be somewhat more susceptible to localized corrosion than the wrought alloys. For Alloy 825,
the CPP curve for the weld did not exhibit hysteresis, but some eiching was observed around
bubbles that formad on the specimen during the test in simulated J-13 well water. Neither the
wrought rir welded specimens of Alloy 304L showed any attack in the simulated J-13 well water
environment.

Solution Number 7 was evaluated as it was found to be an active-corrosion solution for the
copper-base alloys and promoted pitting of the Fe-Cr-Ni alioys. As previously discussed, Solution
Number 7 comained 1000 ppm chlorides, 172 ppm oxalic acid, and had a pH of 5. The results
of the experimentation showed no appreciable effect of welding or the polarization parameters
for either the welded Fe-Cr-Ni or CDA Alloy 715. The welded # y CDA 102 specimens were
found to exhibit hysteresis loops; however, only etching was _vident on the specimen. No
hysteresis loop was evident in the data for the wrought Alloy CDA 102.

Solution Number 29 was evaluated with the welded copper-base alloys as it was found to

promote pitting of the wrought alloys. Solution Number 29 contained high concentrations of
bicarbonate, chloride, and oxalic acid and had a pH of 5. Results of the tests in this environment
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showed that both of the welded copper-base alloys generally exhibited higher corrosion currents
and lower free-corrosion potentials than the unwelded specimens. The post-test examinations
of the welded specimen revealed changes in the oxide growth and the absence of pitting. On the
other hand, the unwelded specimen exhibited hysteresis in the CPP curves and pitting. These
data suggest that the copper-base welds exhibited less of a tendency to passivate than the
wrought material in this particular environment. This behavior could possibly lead to galvanic
corrosion of the welds and warrants further investigation.

Finally, Solution Number 25 was evaluated with the welded Fe-Cr-Ni alloys as it was found to be
an active-corrosion environment for the wrought materials. Solution Number 25 contained high
concentrations of bicarbonate and nitrale, a low concentration of chioride, and had a pH of 5.
Results of the CPP tests performed in Solution Number 25 suggest Inat the wel 's performed as
well as, and in some cases slightly better than, the wrought material. There was no indication
that the welds were more susceptible to attack than the wrought material. The variations
observed in the corrosion parameters between the wrought and welded specimens are probably
aftributable to scatter in the data.

Once the geochemistry of the repository and the actual welding procedures for the canisters are

finally determined, further research of the welded alloys needs to be performed. These include
testing in more realistic environments and long-term exposures of welded specimens.
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12._CONCLUSIONS

Based on the prececing cata and discussions, the foliowing conclusions can be drawn:

.

The polarization behavior reported by LLawrence Livermore Laboratories in J-13 well water
was reproducible.

Laboratory simulations of J-13 wel' water produced comparable CPP behavior to actual
J-13 well water.

For each of the alioys, CPP data indicated that several different types of cor.osion were
possible depending upon the solution composition,

All of the candidate alloys tested underwent localized corrosion in some reginns of the
factor space. Further research is needed to better define the geochemistry of the
repository environment.

For the copper-base alloys, hysteresis in the CPP curves was not always associated with
pitting. This confusing behavior (similar polarization curves having different corrosion
morphologies) warrants further investigation.

For the Fe-Cr-Ni alloys, the CPP data was found to conform with a ccnventional
interpretation of CPP curves.

Results of the temperature-effect studies do not indicate a strong temperature dependence
on tha corrosion behavior of the alloy-synthetic environment systems evaluatec over the
limited temperature range of 50°C to 90°C.

Temperature gradients (heat transfer) were detrimental to the corrasion behavior of all four
alloys in simulated J-13 well water,

In more aggressive solutions, no significant effects of temperature gradients on corrosion
behavior were observed.

In the welding-effect studies, relatively little effect of welding was observed on the CPP
behavior of the Fe-Cr-Ni alloys in the alloy-synthetic environment; systems evaluated.

Welding was found to be detrimental to the performance of the copper-base alloys in both
simulated J-13 well water and in a solution known to promote pitting of the wrought

copper-base alloys.
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13. RECOMMENDATIONS FOR FURTHER RESEARCH

The statistical matrix of synthetic test environments was based on data obtained from a
thorough review of the literature. Further geochemical research is needed o better define
the repository environment and the eftects of radiation on the environment.

The CPP results from the screening test matrix need to be used as guidelines to identity
the appropriate factor space for additional research. In particular, the variables that
promoted both beneficial and deleterious effects on the candidate alloys need to be
investigated turther.

Interpretation of the CPP data from the copper-base alloys did not conform to conventional
interpretation.  In numerous cases, similar polarization curves were found to have
completely different corrosion morphologies. In some cases, hystoresis occurred and
optical examination of the species revealed pitting. In other cases, similar hysteresis
revealed only changes in the oxide and no pitting occurred. The atypical behavior of the
copper-base alloys warrants further testing.

In the temperature-efiect studies, Alloy 3041 exhibited pitting at 75°C in simulated J-13
well water, but not at 50°C or 90°C. Long-term testing at various temperatures is needed
1o help assess the long-term corrosion behavior of this alioy.

Temperature gradients (heat transter) were found to aftect the corrosion behavior of all
of the candidate alloys in simulated J-13 well water. Long-term testing of heat-transter
specimens should be performed.

In the welding-effect studies, welded specimens were prepared based on current
recommended practices. It was our understa: .ng that in 1989, the DOE had not yet
preparea w..iding procedures for the waste container at the time of specimen preparation
Welding procedures need to be established for the waste containers and further testing
of the weids needs to be performed.

In the studies performed 1o evaluate welded specimens, the welded copper-base alloys
showec 'ess of a tendency to passivate ! an the wrought alloys in a solution that was
previously shown to promote pitting of the wrought copper-base alloys. This behavior
could lead to galvanic corrosion of the walds and warrants further study.
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