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ABSTRACT

Cortest Columbus Technologies, Inc. (CC Technologies) is investigating the long term
: performanco of container materials used for high level radioactive wasto packages. This

information is being developod for the Nuclear Regulatory Commission to aid in their assessment
of the Departmont of Energy's application to construct a goologic repository for disposal of hi0h
lovel radioactive wasto. This report summarizos the results of cyclic potentlodynamic polaritation
(CPP) studios perfortnod on candidato container materials for the Tuff Repository. The CPP
techniquo was used to provido an understanding of how specific variablos such as envitonrnental,

composition, temporaturo, alloy composition, and wolding affect both the general and localized-
corrosion behavior of two copper baso and two Fo Cr Ni alloys in simulated repository ;

environments.

A statistically designed lost solution matrix was formulated, based on an extensivo search of the
literaturo, to evaluato the possib!o rango of environtnontal species that may occur in the repository
over the life of the canistor. Forty two CPP curves woro performed with each alloy and the results
indicated that soveral differont typos of corrosion woro possible. The coppor base alloys exhibited
unusual CPP behavior in that hystorosis was not always associated with pitting.

The affects of temperature on the corrosion behavior woro ovaluated in two typos of lostst
isothermal tests at temperatures from 50*C to 90*C and heat-transfer tosts whoro the solution
was maintained at 50*C and the specimen was internally heated to 90*C. In the isothermal tost,
CPP curves woro obtalnod with each alloy in simulated environments at 50*C,75'C, and 90*C.
The results of theso CPP experiments indicated that no systomatic trends woro evident for the
environments tested.

In the heat transfer test, CPP tests woro performed with a specimen intomally heated to 90*C
while maintaining the test solution at 50'C. The roSults of those experiments indicated that in
simulated J 13 well water, heat transfer appeared to have an offect on the corrosion behavior of
each of the four alloys. Heat transfor did not appear to have a major offect in more aggressive
simulated environments.

Lastly, the offects of wolding on the corrosion behavior of '.he alloys in simulated environments
were examined. Rod material was wolded into a V shaped grove in plate material. The wold was
machined and evaluated by the CPP technique. Those studios showed that wolding had'

relatively little offect on the CPP behavior of the Fo Cr Ni alloys in the environments that wore
sofocted. Wolding was found to bo detrimental to the performanco cf the copper base alloys in
both simulated groundwater and in a solution shown to promoto pitting of the wrought copper-
base alloys.

>
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. EXECUTIVE SUMM ARY_

CC Technologlos is investigating the long-term periormanco o! container materials used for high-
lovel radioactive wasto packagos as part of the information nooded by the Nuclear Regulatory
Commission to assess the Departmont of Enorgy's application to construct a geologic repository
for the high lovoi radioactivo wasto. The scope of work consists of employing short term
techniques, such as electrochemical and mechanical techniques to examino a wide range of
possiblo falluto modos. Long term tosts are being used to verify and further examino specific
falluto modos identified as important by the short term studios.

This report summarizos the results of cyclic potentiodynamic polarlzation (CPP) studios periormod
in Task 2 of the program on candidato container materials for iho Tuff Copository. The CPP
techniquo was used to provid9 an understanding of how specific variablos such as environmental
composition, temperaturo, alloy composition, and welding affect both the gonoral and localized-
corrosion behavior of the alloys in simulated repository environmonts.

Two classos of al|oys woro evaluated in this study for uso as container materials for the Tuff
Repository; Fo Cr Ni alloys and copper baso alloys. The candidato Fo Cr Ni alloys woro Typo
304L Staintoss Stool (Alloy 304L) and Incoloy Alloy 825 (Alloy 825). The candidato copper-base
alloys woro CDA 102 Copper (Alloy CDA 102) and Copper 30 Nickel (A!!oy CDA 715).

Cyclic-potentlodynamic polarization (CPP) tests woro performed with each of the four candidato
alloys in simulated J 13 well water and in 42 synthetic environments. Thoso synthetic
environments woro developed using a statistical model specifically designed to examino corrosion
behavior in complex environments. Tho solution variablos of Interest and their lower and uppor
limits woro selected from compositional ranges reported in the literature for the Tuff well water,
Tuff groundwator heated in the presence of Tuff rock, and Tuff Droundwater heated in the
prosonco of radiation. The corrosion behavior of the alloys in thoso simulated repository
environments, as dolormined by the CPP techniquo, was then used as the foundation for further
studios to examino a wide rango of possible f ailuro modos includod in Task 2 of the program and
in other tasks.

The offects of temperature on the corrosion behavior woro evaluated in Task 2 by two test
methods; temperaturo and temperaturo gradients. The first temperature studios experimcnts
examined changos in corrosion behavior when CPP tests woro performed with each of the alloys
in selected environments at 50*C,75+C, and 00"C. The environments solocted for this study
woro based upon the results of the corrosion behavior of the alloys as dolormined previously by
the CPP technique. The following solutions wom selected from the experimental test matrix for
ovaluation:

(1) Simulated J 13 well water,
[ (2) Solution Number 7, an activo-corrosion solution, for the copper base alloys, and one that

promoted pitting of the Fe-Cr Ni alloys,
(3) Solution Number 10, which promoted passivation and pitting of the copper-base alloys,

and
(4) Solution Number 20, which promoted passivation and pitting of the Fo-Cr Ni alloys.

_--__ - - - -_ __ . _ - - - - - - _ - _ - _ _ - - _ _ _ - _ - - - _ _ - _ - _ --_



The resp % of these CPP experiments indicated that no systematic trends were evident for the
alloy enu onment systems which were evaluated, further indicating that there is not a strong
t9mporNro dependence on the corrosion behavior over the limited temperature range of 50 Ci
u 'C

a

ha second temperature-studies test method was developed to examine 1,;e effects of
ternperature gradients on the corrosion behavior when CPP tests were performed utilizing a

ccion which was intemally heated to 90*C while maintaining the test solution at 50 C. The2

11onts selected for this s'.udy were also based upon the results of "1e corrosion tSavior
J e as previously determined by the CPP technique. The fU 1 wing solutions were

i the expeGmontal test math for evaluation:

b ated J-13 well water,
3 g ,

j alnn Number 7,"

. Vution Number 22, which promoted oitting of the copper-base alloys.

TM rw , of these CPP experiments %dicated that, in simulated J 13 well water, heat trancter
appeared a have an effect on the corrosion behavior of each of the four alloys. Optical
camination of the specimens revealed more severe etching and pitting after heat-transfer
axperiments as compared with observations made following isothermal teets in simulated J 13
well water. Temperature gradients did not appear to have a major effect on CPP behavior in test
Solution Numbers 7 and 22.

Task 2 also examined the effect of welding on the corrosion behavior of the candidate alloys by
the CPP technique. In preparation for these tests, V-shaped grooves were machined
longitudinally in 6" x 12" plates of each of the four alloys. Rods having the same alloy
composition were welded % hose grooves. A welder who is licensed for welding nuclear power
plant vessels performed ? actual welding. Cylindrical electrochemical specimens were then
machined longitudinally from the weld and evaluated by the CPP technique.

The environments selected for this study were based upon the results of the corrosion behavior
o; the wrou[,ht material as previously determined by the CPP technique. The following solutions
were selected frem the experimental test matrix for evaluation:

(1) Simulated J-13 well water,

(2) Solution Number 7,

(3) Solution Number 25, an active-corrosion solution for the Fe-Cr-Ni alloys, and

(4) Solution Number 29, which promoted pitting of the copper-base alloys.

The results of the CPP experiments indicated that the copper-base welds appear to be somewhat
more susceptible to localized corrosion than the wrought alloys in the simulated J-13 environment.
In the case of Alloy 825, the CPP curve did not exhibit hysteresis, but some etching was found
around buticles'that formed on the welded specimen during the test with simulated J-13 well
water. Neither wrought nor welded specimens of Alloy 304L showed any attex in the J 13
ondonment.

In Solution Number 7, no appreciable change in polarization parameters was observed for either
the welded Fe-Cr-Ni or copper-base alloys. The welded Alloy CDA 102 exhibited a hysteresis

-2-
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loop, which typically indicates localized attack. However, only etching was evident on the
specimon. No hystorosis loop was ovident in the data of the wrought alloy.

.

In Solution Number 29, both of the wolded copper base at:oys gonorally exhibited lower free-
! corrosion potentials, higher corrosion currents, and lower protection potentials than the unwolded

} specimens. Optical examination of the wolded specimens revealed only oxido growth. No pitting
-- was observed as in testing with the wroug% alloys. Those observations, along with the actual

shaped of the CPP curvos, suggest that the welds in the copper base alloys exhibited less of a
tendency to passivate than the wrought material. This behavior could lead to galvanic corrosion
of the wolds and warrants further study.

For the Fe-Cr-Ni alloys, the wolds performed as well as, and in some cases slightly better than,
! the wrought material in Solution Number 25. There was no indicatiois that the wolds woro more
#

susceptible to attack than the wrought material. Variation in the corrosion paramotors between
the wolded and wrought specimens is probably attributed to scatter in the data.

1
-

E
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1. INTRODUCTION

The Department of Energy (DOE) is conoucting a program for the disposal of h'3h level
radioactive waste in a deep mined geologic repository. The Nuclear Regulatory Commission
(NRC), which is responsible for regulating high-level radioactive waste disposal, will review DOE's
application for the construction and operation of the repository. To assist in evaluating DOE t
application, the NRC's Office of Nuclear Regulatory Research is developing an understanding of
the long-term performance of the geologic repository. As part of this effort, Cortest Columbus
Technologies has been awarded a contract tc investigate the long-term performance of container
rnatorials used for high-level waste packages. At the direction of the NRC, the program is
focused on the Tuff Repository.

The scope of work consists of employing relatively short term electrochemical techniques to
examine a wide range of possible failure modes. Long term tests (12 years) are being used to
verify the short term studies.

This report summarizes the results of cyclic potentiodynamic-polarization (CPP) studies performed
in Task 2 of the program on candidate container materials for the Tuff Repository. The purpose
of Task 2 was to examine the effects of environmental and metallurgical variables on the
electrochemical behavior of the candidate materials to provide an understanding of how these
variables affect both the general- and localizedu rosion behavior of the alloys in simulated
repository environments. Specifically, the offects of environmental composition, temperature, alloy
composition and welding were evaluated in simulated environments between 50 C and 90*C.

-5-
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2. BACKGROUND THE TUFF REPOSITORY ENVIRONMENT

2.1 Nominal Environment

The Tuff repository will be located in 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 fragments (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 devitrify. A layered structure develops; a densely welded core surrounded
above and below by zones of material decreasing in density and strength, in the post-
depositional period, alteration of the tuff layers occurs. Crystallization transforms the glassy
material to foldspar plus quartz or cristobalite. Zeolitization produces hydrous silicates by reaction
of the glassy material with groundwater. A typical stratigraphy of the tuh at the NTS is shown in
Figurc 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 statie 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 small 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 wellis
located near the repository site and produces water which has flowed through the Topopah Spring
Member, where it lies at a lower elevation and is in the saturated zone. The J-13 well water is
the best avaHable 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 environment 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 locations below the static water table where conditions are deaerated (anoxic).

A second 19ature 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.

I
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Table 2.1 Porcentages Of Major. Constituents in Topopah Springs Tuff, Drill Coro USW
GU 3, Samplos 60,61 And 62. Fe,0, Represents Total Iron (Schuraytz 1985).

__

Constituont 60 61 62 Avorago Std Dov

SiO, 78.4 78.9 78.9 78.73 0.24

AI,0, 12.0 12.3 12.2 12.17 0.12

Fe,0, 1.016 0.973 1.000 0.996 0.018

Ca0 0.492 0.451 0.480 0.474 0.017

MgO 0.1271 0.1281 0.1126 0.123 0.007

TiO, 0.1108 0.0927 0.0984 0.101 -0.008

Na,O 4.07. 3.92 4.25 4.08 0.13

K,0 - 3.71 3.18 2.94 3.28 0.32

P,0, - 0.01 0.01 0.03 0.02 0.01

MnO 0.0624 0.0455 0.0488 0.052 0.007

)
i

r

.g.

1

I
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2.2 Thermal Effects

The repository is being designed for two types of waste packages; spent fuel and proce:.md
deMnse high level waste in the form of borosilicate glass. The spent fuel will have the highest
tt'stmal output of between 1.3 and 3.3 Kw per container, while the glass will have an output of
0.25 to 0.47 Kw per container. The temperature hhtories of the waste packages are sensitive
functions of the thermal properties of the near-field rock, the specific configuration of boreholes
and emplacement drifts, heat transfer mode as well as container output power; none of these
factors has been precisely defined. Comparative canister surface temperatures as a function of
time are shown in Figure 2.2 for one set of conditions. Note that the canister surface for spent
fuel remains above the boiling temperature over at least a 300 year period following
emplacement.

These elevated temperatures should exclude liquid water from the near field of the repository for
several hundred years, although liquid water may be present in the pores in the rock up to 140 C.
It is also possible that vadose water may come in contact with some of the waste packages
duri1g periods of liquid water movement through the repository.

A consequence of the elevated temperature in the repository will be the interaction of groundwater
with the host rock in the vicinity of the waste package. A number of interaction studies has been
performed over temperatures ranging from 90-250'C with core wafers, crushed core wafers in
gold-bags and polytetrafluoroethylene (PTFE)-lined autoclaves Rapid shifts in chemistry occurred
with crushed rock as opposed to wafers because of the higher surface n'ea with the former.
Changes in solution concentratM :st 90 C were minor; whereas, more pronounced shifts occurred
at 150 C. Results obtained by Knauss 1985a for crushed core material at 150 C are given in
Figures 2.3 and 2.4. These data show that the silicon (Si) concentrations increased from about
30 ppm to around 150 ppm within 60 days, while the sodium (Na) concentration only increased
slightly over the test period. The concentrations of aluminum * (AI), magnesium (Mg) and calcium
(Ca) decreased with time while that of potassium * (K) was not greatly affected by thermal
interaction; the pH decreased very slightly.

Another consequence of the elevated tempc''atures in the repository will be the boiling of
groundwater in the vicinity of the waste package. This will lead to the concentration of the
species, both beneficial and deleterious in the groundwater. Abraham (1986) has performed
some solution analyses on boiling J-13 groundwaters at Brookhaven National Laboratory. The
solutions were boiled in the presence of tuff rock and specimens of several stainless steels. The
results are summarized in Table 2.2. These data show that the composition of J 13 well water
changed quite dramatically as a result of boiling. The stable concentrations of most species after
one year were more than an order of magnitude higher than those in the J-13 well water Some
species, such as SO.' , NO(, Ca'* and K* exhibited a maximum in concentration after on;y a
few months which suggests the precipitation of compounds such as CaSO., etc.

T

*Both aluminum and potassium exhibited initial transient increases in concentrations.
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Water Roacted With Crushed G-1 Matorial At 150*C As A Function Of Time in
Days (Knauss-1985a).
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Taue 2.2 Chemical Composition Of Test Solutions At The End Of Corrosion Tests (pg/ml)
_ (Undiluted And Filtered Solution) (Abraham 1986).

10-Times Conc.
Reference Synthetic J 13 Water J 13 Water

J 13
"

3-Mo. 6 Mo. 1 Yr. 3 Mo. 6 Mo. 1 Yr.
a er

Test Test Test Test Test Test

Na* 45 N.D.* 464 510 867 738 908

K' 4.9 238 244 106 244 214 139

Ca'' 14 308 161 104 301 164 129

S n'' N.D. 3.4 0.4 1.0 4.4 0.5 1.2

F- 2.2 12.1 4 6.31 14 5 21.1

Cl- 7.5 130 236 161 330 211 260

522 672NO - 5.6 460 750 482 ---

3

SO.'- 22 820 552 588 1300 1260- 976

SiO, 61 414 451 458 409 488 406

pH st room 8.5 8.4 9.0 9.3 8.4 8.9 9.3
temperature

'N.D. = Not determined

i

I. ,

!
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The concentration of the specios in the 10X J 13 well water also increased with exposure time
in those tests. Although the magnitudos of the increases were smaller than those observod 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 concontrations were observed for some species in the boiling 10X J 13 well . vater atter
a few months.

2.3 Radiation Effects

Relatively little row wh has been performed on the influence of the radiation field on the
environment in the Tuff Repository. On the other hand, a number of artbles discuss, in general
terms, the anticipated role of radiation in attoring the repository environment while research on
the effects of radiation on water and diluto aqueous solutions is much more extensive. As
described by McCright-1984, the highest levels of raciation wi!! occur on emplacement and the
leveis will begin to decay. The radiation of interest with regard to container corrosion will be
gamma radiation. Interaction of the gamma radiation with either the container or the host rock
is also expected to be minimal. Thus, the primary problem is the interaction of the gamma
radiation field with the liquid and gas phases in the repository. Although most of the fission
products responsible for gamma radiation decay rapidly, the repository environmsnt will consist
of air and water vapor during the time period when radiation levels will be high.

Radiolysis products expected in the moist-air system are not well established. Some
experimental research regarding the temperature effects on radiolysis products has been
performed by Van Konynenburg (1986) and others. Their resuarch indicates that, above 135 C,
the dominant species are NO, N,0, and O . Between 120 C and 135*C, NO,, N,0, H,0, and3 4

O are the dominant products, while below 120 C, the most abundant products are HNO and3 3

H O with small amounts of O .2 3

In liquid water at high radiation levels, small amounts of nitrates and nitritas will also be produced.
However, the simultaneous presence of liquid water and high radiation fields are possible only
intermittently during periods of liquid water movement through the repository.

Glass (1985 and 1986) reviewed the literature and performed electrochemical studios in irrad ated
J 13 well water. These studies concluded that the primary effect of radiation of J 13 weil wa'er
is to produce the dominant oxidizing species O, and H,O, with smaller concentrations of O , and
still smaller concentrations of HO,. Irradiation of water containing CO, or HCO with O,was found3

to produce carboxylic acids (formic and oxalic).

Studies focused on the effects of radiation on wate, cd dilute aqueous solutions concludod that
a host of vansient radicals, ions, and stable molecular species is created by gamma radiation.
Some of these species are as follows: H , 'OH, e aq, H 0', Oh , H,, H,0,, O,, O, and HO,.3

While t?.ase species only consider the breakdown of the water molecule, many other species are
generated by reactions with other species in the groundwater.
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3. EXPERIMENTAL APPROACH

3.1 Test Technloue

The cyclic-potentiodynamic-polarization (CPP) technique was used in this project to provide an
understanding of how the specific variables such as environmental composition, temperature,
alloy composition, and welding affect the general- and pitting-corrosion behav!or of the alloys 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 are measured as a function of electrochemical
potential. For the anodic portions of the curve, the current measured is equal to the corrosion
rate of the specimen if two conditions are met: (1) The electrochemical potential is far 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
11. For the acilve-corrosion case, the anodic curve is linear on an E log i plot, and the forward
and reverso scans are coincident, The presence of a peak in the anodic portion of the curve,
followed by decreasing current, is generally indicative of the onset of passivation. The occurrence
et hyrteresis 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 probability of pitting in that particular environment.

The l otarization 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 po'antiostat coupled to a computer data acquisition system or a Santron
Electrochemical Measurir,g System. A two-compartment electrochemical cell was employed that
utilized a saturated-calomel reference electrode (SCE) and a platinum counter electrode (Figure
3.2). Originally, it was plannod to use a three-comoartment cell (working, countor, and reference
electroce compartments) but the relatively high N:sistance of ser:I of the solutions prevented
its use, ard the two-compartment cell was used for all tests. " , working electrode specimens
were cylindrical rods that were drilled, tapped at one e .nd sealed off using PTFE gaskets.
The specimens were typically 1.3 cm in length with the oismeter depending on the metal being
tested. The electrodes were polished with successively finer grades of silicon carbide paper,
finishing with a 600-grit grade.

A typical experiment consisted of setting up the electrochemical cell containing the test solution,
L The test solution was slowly brought up to the desired temperature while bei, g sparged with the
| desired gas. The specimen was immersed in the heated solution after sparging for one to two
| hours. The specimen was exposed to the test solution under freely-corroding conditions for 16-24

| * tours to permit steady-state conditions to be achieved.

The working electrode lead was connected to the test specimen while the auxiliary (counter)
electrode lead was connected to an Inert electrode (platinum wire) placed in the test cell. The
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free-corrosion potential;i = current density at active peak; l = current density -p
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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 beg!nning 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 i x 10"
Alcm' was attained; the potential scan was thcn reversed until repassivation occurred and the
cunent changed polarity, becoming cathodic. 'n those cases in which the current density did not
attain 2 x 10" Alcm', the potential scan was reversed at a potential of 1.2 volts.

After completion of the polarization scans, the following polarization paramoters were obtained
from the CPP curves of potential (E) versus logarithm of current density (log i) when applicable:
1., E., I,,, E,, or E., E, or E,,, l., and E,,,.. Tafel slopes were obtained from the CPP curves
by extrapolating 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 Alloys Evaluated

Two classes of alloys were evaluated in this study; Fe-Cr-N1 alloys and copper-base alloys. The
,

candidate Fe-Cr-Ni alloys evaluated were Type 304L Stainless Steel (Alloy 304L) and incoloy ;
'

Alley 825 (Alloy 825). The candidate copper-base al!oys evaluated were CDA 102 Copper (Alloy
CDA 102) and Copper-30 Nickel (Alloy CDA 715). The compositions of the candidate alloys are
given in Appendix 1,

3.3 Test Environments
i

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
Laboratories. 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.
|
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Table 3.1 Chemical Composition Of Simulated Tuff Groundwater And J 13 Well Water From
' Yucca _ Mountain, Nevada (For Comparison). -

Environmental Actual Chemical J 13' Simulated J 13$
Verlable Used ppm- ppm

Na' -- NallCO, 44.0 46.0
;

. K' kcl, KF 5.1 5.5

MD'' MgCl,.6H,0 1.9 1.7

Ca** ' Ca(NO ), . 4H,0, CaSO. . %H,0 12.5 12.03

SiO, H,SIO, 58. 64.2

F- ' KF 2.2 1.7

Cl- kcl, MgCl, . 6H,0 6.9 6.4

HCO,-~ NaHCO, 125. 121.

NO - .Ca(NO ), . 4H,0 9.6 12.43 3

SO,' ' CaSO, . %H,0 18.7 19.2 ;

pH 7.6 7.010.2

TDS 291.5 290.3

.Knauss,.1985*

. tBeavers,1987.

,.

l '4

. , _ - -
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3.4 Environmental Test Matrix - A Statistical Approach

Synthetic- environments which, historically, have been used to simulate field conditions in
laboratory corrosion studies are usually relatively simple. More often than not, the effects of
variables are studied by varying a single variable at a time. Such an approach does not account
for the dependency of offects among multiple variables. 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-based experimental design, a mathematical expression was
developed that relates a dependent variable or response, such as corrosion rate, to a number of
independent solution variables or factors, such as species concentration, temperature, and pH.
In such an analysis, the mathematical expressions can include main-offect terms (linear), two
factor interactions (cross products), and quadratic terms. High-order terms, such as three-factor
interactions, can also be evaluated but their physical significance is often difficult to explain and
the magnitude of the terms are expected to be much smaller than the main-offect terms or two-
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 effective approach was
to determine the main-etfect terms for each of the variables free and clear of two-factor
interactions but not to perform the much larger matrix of experiments required to 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 environniental variable
has a high and low level.

The initial step was to define the solution variables of interest for inclusion into the test matrix.
Table 3.2 presents the compositional ranges of important environmental species for (1) Tuff well
water, (2) Tuff groundwater heated to iemperatures from 90-250 C in the presence of Tuff rock,
and (3) Tuff groundwater heated to 90-150 C in the presence of radiation. The references from
which the data were obtained are indicated in Tahte 3.2.

The fifteen environmental variables that were included in the experimental matrix and their high
and low concentrations are given in Table 3.3. The fifteen variables selected for examination in
the Task 3 tests included twelve variables 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 variable 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 Pnd to perform a foW experiments separately to establish
its effect. A complete summary of the solution matrix investigated during the program is outlined
in Table 3.4.

In the following paragraphs, each variable is briefly discussed and justification for inclusion 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-1986a, et al.).

Silicon dioxide, SiO,, is present in the J-13 well water at a concentration of 58 mg/1. Data by
Knauss-1985a and Oversby-1983 indicate that, at 90'C, this is the approximate steady-state
concentration which likely represents the solubility limit of SiO, at 90*C. During radiation, Yunker-
198Ba found that the concentration of SiO, decreased to a value of 1.1 to 3.2 m01. Because of
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Table 3.2 Concentration Ranges For Environmental Species in Tuff Groundwater.

Corwntration Range Of Concentration Ra.@ Of

Groundwater Heated To Grourdwater Healed To

NominalConcentration Cf 90 250*C With Tuff 90150T in Presence Of

Enviro (mental Variable Wet Water,'" mgi Rock,"" rngi Radiation", rngel

pH 7.6 5.8 8.3 7.6 9.0- -

SiO, 58 29 394 1.05 - 3.10

HCO[ 125 45 195 8.1 21-

F' 2.2 2.2 4.4 0.38 - 1.4-

Cl~ 6.9 6.5 8.9 2.5 5.8-

NOi 9.6 8.5 16.8 2.5 18.8- -

SOf 18.7 13.3 22 1.8 6.2--

NO[ 0.7 1.5 1.2 3.8-- -

4.8''HA 0 -- -

Al'' .012 0.016 - 4.8 <0.15 - 0.18

Fe'' O.006 <0.02 - 0.04-

Ca'' 12.5 0.21 13.2 2.7 - 9.8-

Mg'' 1.9 0.009 - 2.0 0.6 1.1-

4.819.4 2.4K' 5.1 3.2 --

74 2.8 36Na* 44 ' 35 -

a =

(a) Knauss,1985.

(b) Oversby,1983.

(c) Yunker,1986.

. (d) Glass,- 1985.
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Table 3.3 List Of Variables included in The Matrix Of Potentlodynamic Polarization Tests in
Task 2.

- _

Test Matrix Test katrix Norrinal

Variable Variable High Concentration Low Concentration Concentration

Number Name OltgIn mg1 mai Of. 43, ngi

1 SiO, J-13 215 2.2 58

2 HCO,' J-13 2000 0.4 125

3 F' J 13 200 0.04 2.2

4 CI' J 13 1000 0.2 6.9

5 NO,' J 13 1000 0.2 9.6

6 NO,' Raddysis 200 0 -

7 Hp, Raddysis 200 0 -

8 Ca'* J-13 20 0.004 12

9 Mg'' J43 20 0.004 1.9

10 /f' J 13 0.8 0.0004 0.01

11 PO.'' J-13 2.0 0.01 0.12*

12 Oxalic Acid Raddysis 172 0 -

13 0, Open Repository 30" 5" -

and Radiolysis

14 Temp J 13 90'C 50*C -

15 pH J 13 10 5 7.6

1

* McCright, R. D. FY 1985 Status Report, UCID-20509, September 30,1985.
** Volume %.
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Table 3.4 -Series Of Tests included in The Matrix Of Potentiodynamic Polarization Tests in
Task 2.

Oxstic T6mp
No. Slo, HCO[ F' Cl' NO[ NO[ H,0, Ca'' Mg'* Al' PO[ Acid 0, *C pH .

1 22 0.4 200 1000 1000 200 200 0.8 0.004 0.0004 0.01 0 5 90 5
2 2.2 2000 200 1000 1000 0 0 0.004 0.004 08 2.0 172 5 50 5
3 215 0.4 0.04 0.2 1000 200 0 0.8 0.004 0.8 2.0 0 30 50 5
4 215 2000 0.04 0.2 1000 0 200 0.004 0.004 0.0004 0.01 172 30 90 5
5 22 0.4 200 02 02 0 200 0.8 0.8 0.8 0.01 172 30 50 5
6 2.2 2000 200 0.2 02 200 0 0.004 0.8 0.0004 2.0 0 30 90 5
7 215 0.4 0.04 1000 0.2 0 0 0.8 0.8 0.0004 2.0 172 5 90 5
8 215 2000 0.04 1000 0.2 200 200 0.004 0.8 0.8 0.01 0 5 50 5
9 2.2 0.4 0.04 1000 0.2 200 200 0.004 0.004 0.0004 2.0 172 30 50 10
10 2.2 2000 0.04 1000 02 0 0 0.8 0.004 0.8 0.01 0 30 90 10
11 215 0.4 200 0.2 0.2 200 0 0.004 0.004 0.8 0.01 172 5 90 10
12 215 2000 200 02 0.2 0 200 0.8 0.004 0.0004 2.0 0 5 50 10
13 22 0.4 0.04 0.2 1000 0 200 0.004 0.8 0.8 2.0 0 5 90 10
14 2.2 2000 0.04 0.2 1000 200 0 0.8 0.8 0.0004 0.01 172 5 50 10
15 215 0.4 200 1000 1000 0 0 0.004 0.8 0.0004 0.01 0 30 50 10
16 215 2000 200 1000 1000 200 200 0.8 0.8 0.8 2.0 172 30 90 10
17 215 2000 0.04 02 02 0 0 0.004 0.8 0.8 2.0 172 30 50 10
18 215 0.4 0.04 02 02 200 200 0.8 0.8 0.0004 0.01 0 30 90 10
19 2.2 2000 200 1000 0.2 0 200 0.004 0.8 0.0004 0.01 172 5 90 10
20 2.2 0.4 200 1000 02 200 0 0.8 0.8 0.8 2.0 0 5 50 10
21 215 2000 0.04 1000 1000 200 0 0.004 0.004 0.0004 2.0 0 5 90 to
22 215 0.4 0.04 10m 1000 0 200 0.8 0.004 0.8 0.01 172 5 50 10
23 2.2 2000 200 02 1000 200 200 0.004 0.004 0.8 0.01 0 30 50 10
24 22 0.4 200 02 1000 0 0 0.8 0.004 0.0004 2.0 172 30 90 10
25 215 2000 200 0.2 1000 0 0 0.8 0.8 0.8 0.01 0 5 90 5
26 2.2 0.4 200 0.2 1000 200 200 0.004 0.8 0.0004 2.0 172 5 50 5
27 2.2 2000 0.04 1000 1000 0 200 0.8 0.8 0.0004 2.0 0 30 50 5
28 2.2 0.4 0.04 1000 1000 200 0 0.004 0.8 0.8 0.01 172 30 90 5
29 215 2000 200 1000 0.2 200 0 OA 0.004 0.0004 0.01 172 30 50 5
30 215 0.4 200 1000 02 0 200 0.004 0.004 0.8 2.0 0 30 90 5
31 2.2 2000 0.04 0.2 02 200 200 0.8 0.004 0.8 2.0 172 5 % 5
32 22 0.4 0.04 02 0.2 0 0 0.004 0.8 0.0004 0.01 0 5 50 5
33* 108 500 50 250 250 50 50 0.2 0.2 0.2 1.3 43 15 70 7.5
34' 108 500 50 250 250 50 50 0.2 0.2 0.2 1.3 43 15 70 7.5
35* 108 500 50 250 250 50 50 0.2 0.2 0.2 1.3 43 15 70 7.5
36' 108 500 50 250 250 50 50 02 0.2 0.2 1.3 43 15 70 7.5
371 64.2 121 1.7 6.4 12.4 0 0 12 1.7 0 0 0 0 90 7.0
38+ 64.2 121 1.7 1000 12.4 0 0 12 1.7 0 0 0 0 90 7.0
39 108 500 50 250 250 50 50 0.1 0.1 0.5 1.3 50 15 70 5
40 108 500 50 250 250 50 50 20 20 0.5 1.3 50 15 70 5
41 108 500 50 250 250 50 50 20 0.1 0.5 1.3 50 15 70 to
42 108 500 50 250 250 50 50 0.1 20 0.5 1.3 50 15 70 10

*

Tests 33 through 36 are quadruplicate midpoint tests which help to establish the degree
of reproducibility of the CPP Tests.

i Simulated J-13 well water.
Simulated J-13 well water containing 1000 ppm Cl .+
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this, a low concentration of 2.2 mg/l was selectod. A high concentration of 215 mg/l providos a
factor of 100X between the low and high concentration examinod. Also, the 100 mg/l
concentration is likely to exc00d the solubility limit such that the high concentration primarily
insures that saturation is attained during the high concentration tests. Silicon dioxide was add 9d
to the test solutions as silicic acid.

Bicarbonate, HCO[, is present in the J-13 well water at a concentration of 125 mg/l. Heating
the J 13 well water.in the presence of Tuff rock at 90'C produced an increase in the
concentration to 190 mg/l while radiation tended to decrease the concentra' ion to 8-20 mg/l.
Thorofore, a low concentration of 0.4 mg/l was selected and a factor of 5000X was used to
provide a high concentration of 2000 mg/l. Bicarbonate was added to the test solut!ons as
sodium bicarbonato.

Fluoride, F , is present in the J 13 well water at a concentration of 2.2 mg4. Heating in the
presence of Tuff rock resulted in a very slight increase in fluoride concentration. Radiation
produced a slight decrease in fluorido concentration to 0.4-1.4 mg/l. Based on these results, a
0.04 mg4 low concentration was selected and a factor of 500X provides a high concentration of
200 mgA. Fluoride was added to the test solutions as potassium fluorido.

Chloride, CI', is present in the J-13 well water at a concentration of 7 mga. Heating of the J 13
well water in the presence of Tuff rock produced little or no change in the chloride concentration.
The effect of radiation was to produce a slight decreaso in the chlorido concentration to 2.5-5.8
mg/l. The low concentration was selected at 0.2 mg/l and a factor of 5000X increase provides
a high concentration of 1000 mg/l. Chloride was added to the test solution as sodium chlorido.

Nitrato, NO[, is present in the J 13 well water at a concentration of 10 mg/I. Very little change
was observed in the nitrate concentration upon heating in the presence of Tuff rock. In the
presence of radiation, the nitrate concentration varied from 2.5 to 19 mgA. Thereby, no
systomatic increase or decrease in the nitrate concentration was observed. The low
concentration for nitrate was selected at 0.2 mg/l and a factor of 200X provides a high
concentration of 1000 mg/I, Nitrate was added to the test solutions as sodium nitrate.

Nitrito, NOf, is a radiolysis product which has been shown to achlove concentrations from 0.7
to 3.8 mg/l, The low concentration for nitrito is zero. A high concentration of 200 mg4 was
selected and is approximately 50X the concentration indicated by Yunker (1986a). Nitrite was
added to the test solutions as sodium nitrite.

Peroxide, H,0,, is a radiolysis product and was shown to achieve a concentration of 5 mg4 in the
presence of radiation. The low concentration was selected as zero and a high concentration was
selected at 200 mg/l which providos a factor of approximatuly 40X over the concentration
Indicated by Glass (1986).

Calcium, Ca'*, is present in the J-13 well water at a concentration of 12 mg/l The concentration
of calcium changed little when the J-13 well water was heated in the presence of Tuff rock at
90*C, At higher temperatures, the calcium concentration decreased to 0.2 mga. In the presence
of radiation, the concentration of calcium decreased to 2-9.8 mga. The low concentration for
calcium was selected at 0.004 mg/l and a factor of 5000X provides a high concentration of 20
mg/l. Calcium was added to the test solutions as calcium sulfate, one-half hydrate.
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Magnesium, Mg'', is present in the J 13 well water at a concentration of 1.9 mg/l. The
concentration of magnesium changed Ilttle when the J 13 well water was heated in the presence i

of Tuff 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'l and a factor of 5000X provides a
high concentration of 20 mg/l. Magnesium was added to the test solutions as magnesium sulfate,
seven hydrate.

Aluminum, AP', 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 Tuff rock, the aluminum concentration increased to 2 3
mg/l. In the presence of radiation, the aluminum increased to 0.18 mg/1. 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 mg/l. Aluminum was added to the test solutions as aluminum sulfate,16
hydrate.

Phosphate, PO[, has been reported at a concentration of 0.12 mg/l 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 mg/1. 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 to
examine. The low concentration of oxalic acid will be zero and the high concentration for oxalic
acid will be 172 mg/l which approximates to the concentration range of other radiolysis products.

Oxygen, O,, is present in the repository because of its location above the water table and
because no alttight 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 ar.y 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 controlleo 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-

I of the J-13 well watei in the presence of Tuff 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 9.0. 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 J 13 WELL WATER

Upon initiation of the overall program, several CPP tests were performed to (1) reproduce results
by McCright at Lawrence Uvermore Laboratories (LLL), (2) to compare behavior of candidate
alloys in simulated and actual J 13 well water, and (3) to evaluate the effects of changing the
CPP test parameters, from those used at LLL, on the polarization behavior. To reproduce the
behavior observed by McCright (Figure 4,1), the following test conditions were used: Actual J 13
well water, a scan rate of 3 6 V/hr, temperature of 80*C, aerated conditions, and an initial
exposure of 12 hours prior to performing the CPP test. For comparison purposes, CPP tests
were performed under these test conditions in simulated J 13 well water, The results of CPP
experiments performed on Alloy CDA 102 under the above conditions are summarized in Table
4.1. The actual curves are shown in Figures 4.2 and 4.3, respectively. The curves are similar,
with slight differences in the polarization parameters of breakdown potential (E.), repassivation
potential (E,), and corrosion current (i ). Repetition of these experiments verified the similaritiesm
between these curves. Although the passive current density is lower for the curves produced in
this study, as compared to McCright's data, the polarization behavior reasonably reproduces the
behavior shown by McCright in Figure 4.1. The above results produce two important findings that
are critical to the remaining work performed in this project:

(1) Prepared solutions can reasonably simulate actual well waters extracted from the Tuff site,
and

(2) The experimental procedures used for the NRC project are capable of reproducing the
polarization behavior observed at Lawrence Uvormore National Laboratory under similar
test conditions.

There were three test conditions employed in the NRC program that were different than those
, ,

used for the curves discussed above: (1, The period of exposure to the environment was 15-20
hours compared to 1-2 hours. (2) The scan rate was 0.6 V/hr compared to 3.6 V/hr and (3) the
test temperature was 90*C compared to 80*C. Both the longer exposure period and slower scan
rate help insure nearer steady-state conditions. This, in tum, improves reproducibility and
provides better estimates of corrosion rates and free-corrosion potentials. Tests were performed
to examine the effects of these changes in procedures on the polarization behavior, in the first
test, the scan rate was left unchanged at 3.6 V/hr and a longer exposure time prior to performing
the CPP test was permitted. Figures 4.4 and 4.5 show the CPP curves for alloy CDA 102 for
simulated and actual J-13 well water, respectively, with the longer initial exposure times.
Comparisons to Figures 4.2 and 4.3 show that slight changes in the corrosion parameters
occurred. The polarization behavior in Figures 4.4 and 4.5 should represent nearer steady-state
initial test conditions.

The other conditions that were varied from tha curves shown in Figures 4.2 and 4.3 were scan
rate and temperature. Figure 4.6 shows a CPP curve for Alloy CDA 102 in simulated J-13 well
water with an initial exposure period of fifteen hours, a scan rate of 0.6 V/hr, and a temperature
of 90 C instead of 80 C. The 90*C temperature was selected to coincide with the matrix of tests.
These conditions are identical to those for Figure 4.4 except that the 0.6 V/hr scan rate is six
times slower than for the curve shown in Figure 4.4 and the temperature is 10 degrees higher.
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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 initial Exposure. (McCright-1985).
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Table 4.1 Polarization Parameters For The Caddate Alloys.in Actual And Simulated J-13 Well Water.
_

.=

|nittel Scan

J-13 - Temperstwe Expoews Ree E, I. E% EAg
Water .C Hours Vihr V,SCE pAlcm | V,SCE V,SCE*

CDA 102 Actual * 80 1-2 3.6 -0.011 5.78 +0201 4.052

-.

CDA 102 Simulated 80 1 3.6 -0.015 0.13 +0.161 -0.140

CDA 102 Actual 80 1 3.6 +0.004 0.31 +0.212 -0.179
'

h CDA 102 Simulated 80 15 3.6 -0.030 0.80 +0.256 4.046
-

,

CDA 102 Actual 80 15 3.6 -0.017 0.35 +0242 -0.085

CDA 102 Simulated 90 15 0.6 -0.030 2.0 +0.140 4.035

CDA 715 Simulated 90 15 0.6 -0265 0.41 +0.180 +0.080

304L Simulated 90 15 0.6 -0.125 0.12 +0.800 +0.800

1825 Simulated 90 15 0.6 -0.650 0.08 +0.700 +0.700

* McCright - 1985.
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Figures 4.7 4.9 show the CPP curves for Alloy CDA 715, Alloy 304L and Alloy 825 in simulated
J-13 ivoll water under the same conditions as for Figure 4.6.

Comparing the behavior soon in Figure 4.6 (slow scan rato) to Figure 4.4 (fast scan rato), the only
significant difference is in the value of the breakdown potential, E.. The much more negativo
value for E, for the slower scan rate is not unusual sinco pitting has some initiation time
associated with it and this behavior has been soon in other alloy-onvironmental combinations.
It should be noted that the increaso in temperaturo also would produce a similar trend. The
behavior for the slower scan rato is nearer steady-state conditions and predicts actual field
situations moro closely, Therefore, all subsequent CPP testing used a 0.6 V/hr scan rato and an
initial exposure time of 15-20 hours prior to performing the CPP test.

i
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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
to be much more concentrated than that of the J 13 well water as a result of thermal
concentration. Cyclic-potentlodynamic-polarization tests were performed with each of the
candidate container alloys in simulated J 13 well water with the chloride (Cl) concentration
increased to 1000 mg/l (as sodium chloride, 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 conta!ning 1000 mg/l
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 cia % addition. A dark film also was present on the
specimen in the high chloride solution prk,. 0 starting the CPP scan. Both curves exhibit

|
hysteresis on the reverse scans that typically indicates the occurrence of pitting on the specimen.
However, post-test optical examination of the specimens indicated no pitting; only local changes -
in film coloration on the specimens with no observable depth of attsck. This behavior was i
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 wo!! 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 chloride 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 hysterosis 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 differont 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 equated the original passive current density. Figure 5.3 exhibits different
behavior, where the very shallow slope typically observed during repassivation changes to a
steeper slope 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 retum 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 occurred, 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 classical pitting behavior, the distinction in the electrochemical terms was
made to reflect this fact. Thus, the terms E, and E, were used to. describe the breakdown
potential and repassivation potential for the copper-base alloys. On the other hand, the classical

; terms E, 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 Ailoys in Simulated J 13 Well Water
At 90'C, With And Without Salt.

Test E, l. E,,/E, E,,/E,,
Alloy Solution - V,SCE pNem' V,SCE .V,SCE Comments

CDA 102 J-13 - -0.030 2.0 +0.140 -0.035 Local changes in oxde. |

CDA 102 J 13 + 1000 ppm Cl 4 075 2.2 0.050 -0.218 Local changes in oxbe.

CDA 715 J 13 -0.265 0.41 +0.180 +0.080 Local changes in oxbe,
local active attack with
few shadow pits.

- CDA 715 J-13 + 1000 ppm Cl -0.400 0.02 -0.040 -0.028 Localchanges in oxbe,
local active attack.

304L J-13 -0.125 0.12 +0.800 +0.800 No pitting or active
attack.

304L J 13 + 1000 ppm Cl -0.250 0.12 +0.160 -0.180 Pdting.

825 J 13 -0.650 0.08 +0.700 +0.700 No pitting or active
attack.

825 J-13 + 1000 ppm Cl -0.480 0.14 +0.700 +0.160 Pitting.

|

NOTE: Chloride added as sodium chloride.

|

|

|
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Figure 5.1 CPP Curve For Nioy CDA 102 in Simulated J.13 Well Water At 90'C Run At A
Scan Rate Of 0.6 V/hr.
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- Figure 5.2 CPP Curve For Alloy CDA 102 in Simulated J 13 Well Water At 90*C With The
Chloride Concentration increased To 1000 mg/l (As Nacl).
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Figure 5.3 CPP Curve For Alloy CDA 715 in Simulated J 13 Well Water At 90*C Run At A
Scan Rate Of 0.6 V/hr.
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Figure 5.4 - CPP Curve For Alloy CDA 715 in Simulated J-13 Well Water At 90*C With The
Chloride Concentration increased To 1000 mg/l (As Nacl).
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CPP tests were performed on Alloy 304L and Alloy 825 in simulated J-13 well water and in the
simulated J 13 well water with the addition of 1000 mg/l chloride The tests were run at 90*C
under naturally aerated conditions. Figures 5.5 and 5.6 compare CPP curves for Alloy 304L in
r>!mulated J 13 well water and simulated J 13 well water with 1000 mg/l chloride 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 sample during post-test
evaluation indicated no pitting or other forrn of corrosion or observable oxide formation on the
surface,

i

Figure 5.6 shows that Alloy 304L, in simulated J 13 well water containing 1000 mg/l chloride,
exhibited passive behavior at the free-corrosion potential, a pitting potential of approximately
+0.160 V VE) and a protection potential of approximately 0.180 V (SCE). Post test evaluation
of the sample indicated significant pitting over the entire surface, which corresponded well with
the large hysteresis observed during the CPP experiment. Furthermore, in the simulated J 13
well water containing the increased chloride content, the protection potential is relatively close to
the free-0orrosion potential (-0.25 V (SCE). Conventional wisdom and the above results indicate
that Alloy 304L is, at best, a marginal alloy for application in an environment similar to J-13 well
water with an elevated chloride concentrction.

Figure 5.7 shows a CPP curve for Alloy 825 in simulated J-13 well water at 90*C. As is seen
from the curve, no hysteresis is present during the retum scan, indicating no pitting corrosion.
Post-test examinatior, of the specimen indicated no signs of corrosion of any kind. Therefore,
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 Alloy 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/l
chloride added (as Nacl). In the presence of the added chloride, 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 mg/l chloride 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 chloride 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
unless the free-corrosion potential becomes significantly more positive with time, which may be
possible in the presence of radiolysis products. Although pitting is unlikely, at the free corrosion
potential, in the J 13 well water or the J-13 well water with 1000 mg/l chloride added, pitting was
observed to be quito 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 5.5 CPP Curve For Alloy 304L in Simulated J 13 Well Water At 90*C Run At A Scan--
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6. 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 Allov CDA 102

As discussed in Section 5, classical p!! ting 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 broakdown, E., and repassivation, E,, potentials, respectively, for the copper-
base alloys to better characterize 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 Alloy 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 slope (<0.02
V/ decade) 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 Tafel extrapolation difficult. The procedure used
was as follows: (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 1. (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 predictions was used for I., 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 confusing 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 l') 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 large 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 opposed to 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 5.3 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 CPP Curve For Alloy CDA 102 In Test Solution Number 8. No Pitting; But Locally |
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Figure 6.5 shows the polarization behavior for Alloy CDA 102 in Solution 7. The post test
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 to E, which is equal to
E, when active corrosion occurs.

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
observod also are included. As previously discussed, Em = E, * E, indicates immediate film
breakdown and some degree of hysteresis, while E = 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 slightly 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

d dworo 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 surface.

6.2 Allov 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 test 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 Aent
at high currents than is normally observed. For these reasons, the CPP test was repeawd 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.

Test E,,,, l..,, l E., E,,,,y,
Solution V.SCE pA/cm' pA/cm' V,SCE V SCE Comments

1 +0.005 1.5 23 +0.16 +0.00 No pitting (oxide growth)
2 +0.095 1.0 16 40.07 +0.05 No pitting (oxide growth)
3 +0.050 0.52 1.3 + 0.16 +0.08 No pitting (oxide growth)
4 +0.095 9.0 +0.10 +0.02 No pitting (local oxide growth / active areas)
5 + 0.14 5 16 +0.14 + 0.10 No pitting (oxide growth) '

6 -0.100 5.0 7.0 +0.18 +0.17 No pitting (tamish)
7 0.140 6.6 -0.14 -0.14 No pitting (local oxide growth / active areas)
8 + 0.105 1.3 +0.10 +0.04 No pitting (local active attack / oxide growth)
9 +0.050 7.5 +0.05 +0.03 No pitting (local oxide growth)

10 -0.115 4.7 9.0 +0.33 -0.07 No pitting (local oxide growth / active areas)
11 -0.105 0.98 5.5 +0.16 + 0.16 No pitting (oxide growth / active areas)
12 0.020 0.52 2.6 + 0.72 -0.10 Pitting (oxide growtWactive areas)
13 -0.035 0.60 1.2 + 0.12 0.00 No pitting
14 -0.120 2.6 12 +0.20 +0.06 Pitting (oxide growth) <

15 +0.130 1.2 +0.13 0.00 Pitting (oxide growth)
16 -0.100 4.5 4.2 +0.50 0.04 No pitting (tarnishedactive areas)
17 0.110 1.4 2.0 +0.74 0.02 Pitting (oxide growth)
18 + 0.145 0.18 +0.16 +0.12 Pitting (oxide growth)
19 -0.170 - 6.2 8.0 +0.48 -0.05 No pitting (tamishedactive areas)
20 -0.085 0.33 0.82 -0.04 0.02 No pitting (active areas)
21 -0.150 3.0 4.1 +0.32 +0.12 No pitting (tamished/ active areas)
22 +0.060 5.6 +0.06 +0.02 Pitting (oxids growth)
23 -0.075 3.0 3.0 +0.28 +0.08 No pitting (tamishe6 active areas)
24 -0.060 4.3 23 +0.12 +0.04 No pitting (oxide growth / active areas)
25 0.120 1.6 7.6 +0.13 +0.13 No pitting (tamisheWactive areas)
26 +0.110 15 +0.11 +0.11 No pitting (tarnished)
27 +0.025 2.4 +0.02 0.00 No pitting (local oxide growth)
28 -0.050 9.2 0.05 + 0.02 No pitting (oxide growth / active areas)
29 -0.070 2.2 2.3 +0.16 0.00 Pitting (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 8.8 +0.10 0.04 Pitting (oxide growth / active areas)
32 +0.015 0.37 0.80 + 0.10 -0.05 No pitting (oxide growth / active areas)
33 -0.070 1.7 1.6 +0.18 0.08 No pitting (oxide growth / active areas)
34 -0.050 3.5 2.0 +0.14 0.10 No pitting (oxide growth / active areas)

~ 35_ -0.075 1.0 1.5 +0.20 0.10 No pitting (oxide growth / active areas)
36 -0.075 1.3 1.5 +0.20 0.10 No pitting (oxide growth / active areas)
37 -0.030 2.0 + 0.14 -0.04 Local changes in oxide
'38 0.075 2.2 -0.05 -0.22 Local changes in oxide
39 0.073 1.3 + 0.09 +0.02 No pitting (oxide growth / etching)
40 +0.090 3.8 + 0.15 +0.03 No pitting (oxide growth)
41 -0.128 2.3 +0.21 + 0.08 No pitting (localized etching)
42 -0.109 6.8 +0.15 +0.06 Localized etching, incipient pitting
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Table 6.2 Polarization Paramotors For Tae Test Solutions in The Statistically Designed
Matrix Of Experiments For Alloy CDA 715.

l.., l.p

Test E ,,,, pNcm' pNcm' E,, E,,,
Solution V,SCE x 10" x 10" V,SCE V,SCE Comments

1 0.188 2.5 0.19 0.19 No pitting (oxide growtNactive areas)
2 -0.075 0.15 1.8 +0.30 +0.02 Pitting (active areas)
3 0.000 0.29 0.00 0.10 Pitting
4 -0.130 0.09 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 -0.175 0.30 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 1.6 2.0 +0.63 0.00 Pitting (active areas)
9 0.050 7.6 18 +0.18 -0.14 Pitting (active areas)

10 -0.155 0.08 1.3 +0.63 -0.02 Pitting (active areas)
11 -0.100 0.03 0.4 +0.27 +0.15 Pitting (oxide growth / active areas)
12 +0.025 0.06 15 +0.78 -0.05 - Pitting (active areas)
13 +0.150 0.09 0.24 +0.28 -0.10 No pitting
14 +0.240 4.0 +0.24 +0.02 Pitting (oxide growth)
15 -0.160 0.07 0.32 +0.20 -0.20 No pitting (active areas)
16 -0.250 0.09 1.0 +0.66 -0.05 Pitting (oxide growtWactive areas)
17 -0.225 0.34 1.5 +0.68 + 0.58 No pitting
18 -0.065 1.1 11 +0.16 +0.08 No pitting (oxide growth)
19 0.140 0.08 1.0 +0.65 0.00 Pitting (oxida 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 +0.61 0.02 Pitting (active areas)
22 +0.073 1.0 4.3 +0.17 +0.02 Pitting (active areas)
23 -0.030 0.45 6.3 +0.38 -0.06 Pitting (active areas)
24 -0.100 0.10 4.6 + 0.14 0.18 Pitting (tarnished)
25 -0.125 0.56 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 0.050 7.8 30 +0.20 0.02 No pitting (active attack)
29 -0.060 0.91 5.3 +0.28 +0.02 Pitting (tarnish / active areas)
30 0.170 9.0 0.17 0.17 No pitting (active attack)

-31 -0.105 0.83 1.8 ' +0.66 +0.08 Pitting (active areas)
32 0.000 0.18 0.00 0.02 Pitting (oxide growth /actwo areas)
33 +0.065 0.3 7.3 +0.48 +0.04 Pitting (active areas)-
34 +0.045 0.76 2.2 +0.32 0.00 Pitting (active areas)
35 +0.080 0.75 16 + 0.35 +0.03 Pitting (active areas)
36 +0.080 1.6 36 +0.38 +0.05 Pitting (active areas)
37 -0.265 0.41 +0.18 +0.08 Pitting (oxide growth / active areas)
38 -0.400 0.02 -0.04 -0.03 No pitting (oxide growth / active areas)
39 +0.090 13.0 +0.09 -0.09 incipient pitting, localized etching
40 +0.156 5.0 +0.37 +0.37 Pitting
41 -0.155 0.11 +0.44 +0.44 Pitting
42 -0.008 1.8 +0.33 +0.33 Pitting
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Figure 6.7 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
surface 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 present, the curves indicate varying degrees of
passive behavior followed by tweakdown 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 during 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 on the specimens. This cathodic peak is believed to be a redeposition
of copper back on the surface of the specimen.

,

it should also be noted that, at low currents (less than 1 pAlcm'), 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 thr* 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 3ct on the results of the tests being reported

,

in this document. '

! Figure 6.12 shows the polarization behavior for Alloy CDA 715 in Solution Number 17. A small
hysterosis 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 Alloy 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 expected for the different corrosion paramoters.

In summary, data for Alloy CDA 102 and Alloy CDA 715 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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Figure 6.8 CPP Curve For Alloy CDA 715 in Test Solution Number 8. Pitting And Local
Active Corrosion Observed During Post Test Evaluation.
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Figure 6.10 CPP Curve For Alloy CDA 715 in Test Solution Number 24. No Pitting Observed
| During Post Test Evaluation; Dark Shiny Oxiis Present.
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The results of our research also indicate that great care should be taken in interpreting the te lufts
of electrochemical studies performed on the copper-base alloys in Tuff environments. Two
distinct types of corrosion processes have been associated with essentially identical CPP curves.
In several of the environments, the hysteresis on the reverse scan was correlated with clasllcal
pitting. However, in several other environments, the hysteresis was associated with regloris of
a oxide film color change on the specimen, with apparent active corrosion sites bensath the tick
oxide. This color change may be associated with a change in oxidation state of the film (e.g. from
Cu' to Cu") and'or may represent the early stages of film breakdown. Further research is
needed to investigate this phenomenon,
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7. STATISTICAL MATRfX CPP TEGTf) FOR Fe-QPNI ALLOYS

The statistical matrix of CPP tests for Ahoy 304L and Alloy 825 in each of the lost solutions is
glvon in Appendix C and Appondix D respoctively, in contrast to the unusual bohavior of the
copper base alloys, the results of the Fe Cr Ni alloys woro found to conform with a conv6ntional
interpretation of the CPP curvos.

7,1 Allov 304L

{ |
|

The full matrix of CPP tests was mmpleted on Allef 304L and thu actual CPP curves are given |

In Appendix C. Although the results woro found to conform with a conventional Interpretation of |
the CPP curvos, a slight hystorosis was present for some of the tests in which no pitting occurred.
In thoso casos, a surface tarnishir.g (thin oxido growth) occurred at the higher potentials. This
behavior has boom observed for other alloy solution combinations in previous studios. Thorofore,
some interpretat|on is toquired in analyring the CPP curvos, as is always the caso.

For Alloy 304L, siinificant hysterosis in the CPP curvos corresponded to pitting on the specimont
surface and the absence of hystorosis or only slight hystorosis corresponded to no observablo |
pitting A wide range of behavior was observed for Alloy 304L in the test solutions including
passivo behavior with no pitting, passivo behavior with pitting, and activo corrosion behavior.
Tablo 7.1 presents the polarization paramotors selected from the matrix of CPP tosts. Also
included in the tablo is a brief description of the specimen condition following testing. Thoso data
woro usod in the statistical analysis to establish the significanco of each of the environmental
variables on oaci. polarization paramotor, Test Solution Numbers 33 through 3G oxhibited
identical solution variables and the polarization behavior of those tests helped to provido an
indication of the reproducibility of the data. The comparison of CPP curves in those four solutions

.

'

is shown in Figuro 7.1,

It should be noted that soveral of the CPP tests for Alloy 304L resultod in polarization behavior
which appears to indicato active corrosion (tost Solution Numbers 5,12,13,18,22,26,27,33,
34, 35, and 36). Although slight attack anWor tamishing was observed for many of those
specimens, experience indicatos that the amount of attack does not correspond to the currents
observod. Thereforo, it is believed taat a ' spurious * oxidation reaction, a reaction other than
corrosion, resulted in the high currents and, for the most part, these tests resulted in no pitting
and the specimens romalning passivo over the potential rango examined.

7.2 Allov 825

The full matrix . OPP tests was also completed on Alloy 825 using the same experimontal
proceduro previousiy outlined. The resulting curves are given in Appendix D. Interpretation of
the CPP curves conformed with a conventionalinterpretaSon as was the caso for Alloy 304L.
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Tablo 7.1 Polarization Paramotors For The Test Solutions in The Statistically Dosigned
Matrix Of Experiments For Alloy 304L

Test E p rg pA7 Erg
Solution V, EE x 10 x 10 V. E V, E Comments

1 + 0.200 0.40 3.0 + 0.38 0.06 PittingAhin oxido over surfaco
ireeet + 0.245 0.30 30 + 0.48 0.00 Pitting 4hin oxido over surface
1 ten i 0.220 0.09 1.9 40.42 0.14 Pitti hin oxido over surfaco

2 0.030 0.13 1.5 + 0.70 + 0.61 No Ingoocal tamishing
3 +0.070 0.07 1.1 + 0.83 + 0.83 No ng
4 +0.030 0.17 3.7 40.75 + 0.72 No

ng/very slight tarnishing5 + 0.305 0.24 No ng
6 -0.140 0.13 1.9 + 0.68 + 0.67 No ng
7 0.035 0.35 0.7 + 0.90 0.14 Pitting
8 + 0.160 0.50 4.5 + 0.39 -0.03 Pitting
9 + 0.200 0.31 3.5 40.50 0.05 Pitting

10 0.050 0.14 2.0 + 0.70 0.12 Pitti J
11 0.170 0.16 2.0 + 0.75 + 0.68 No ittin /tamishod
12 + 0.090 0.26 No ittin Socal tamishing
13 +0.195 0.28 No ittin Mocal tamishing
14 + 0.075 0.14 0.5 + 0.82 + 0.73 No itting

14 rw.at 0.155 0.10 1.6 + 0.75 + 0.73 No itting
15 0.195 0.12 1.2 + 0.80 +.0.66 No itt ng/ local tamishing
16 -0.075 0.13 2.6 + 0.70 + 0.67 No pitt ng
17 0.140 0.09 1.5 + 0.76 + 0.72 No pitt ng
18 +0.160 0.27 Very slight localized etched areas
19 + 0.065 0.30 23 + 0.70 0.08 Pitting

19 rw.at + 0.075 0.30 22 + 0.30 0.00 Pitti llocal active corrosion
20 -0.150 0.25 0.8 + 0.40 0 15 Pitti amishing
21 0.110 0.12 2.6 + 0.72 40.68 No p in
22 + 0.130 0.14 No pitt ht attack at mount
23 0.050 0.16 1.6 + 0.64 + 0.60 No pitt tamishing
24 0.500 0.18 1.3 + 0.73 40.65 No pitt Sicaving tamishing
25 0.075 0.23 1.5 + 0.82 + 0.79 No pitt ng
26 +0.275 0.47 No pitting / slight tamishing
27 +0.185 0.50 No pitting / local tamishing
28 -0.080 0.20 2.0 + 0.53 0.10 Pitting j
29 0.020 0.12 1.3 + 0.57 0.17 Pitting
30 +0.020 2.00 50 + 0.20 -0.08 Pittin04amishing !
31 + 0.140 0.27 6.5 + 0.83 + 0.80 No pftt ng

-32 0.010 0.10 1.2 + 0.95 + 0.90 No pitt ng
33 + 0.195 0.13 No itt ngdocal tarnishir g' sight attack at mount
34 + 0.200 0.14 No Itting/ local tarnishi.vystght attack at mount
35 +0.160 0.24 No ng!!ocal tarnishingtsight attack at mount

.

36 + 0.195 0.14 No ng40 cal tarnishing! sight attack al mount
'

37 0.125 0.12 1.4 +0.80 + 0.80 No ng
38 -0.250 0.12 0.24 + 0.16 0.18 Pitting
39 +0.230 0.03 + 0.65 0.02 Pitting
40 + 0.168 0.11 + 0.64 + 0.64 Slight Pitting
41 + 0.080 0.32 + 0.77 + 0.77 No attack
42 + 0.048 0.32 + 0.71 40.71 No attack
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Figure 7.1 CPP Curves For Alloy 304L in Test Solution Nurnbors 33 Through 36 (Idontical
Solutions With Avorago Concentrations Of Environmental Variablos).
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|

Agaln, caro is required in interproting the polarization bohavior in two areas: (1) some slight
hystorosis was present due to tamishing, thin oxido formation, and (2) soomingly activo behavior

,

might be the result of spurious oxidation reactions on tho specimon surface and not |

representative of corrosion. It should be noted that the abovo two areas of caution in interpreting i

CPP curves are not unique to this study and special attention to thoso details is given to all CPP |
tests performed at CC Technologlos. (
Crevico corrosion at the PTFE holder-specimon intorface was moro prevalent for Alloy 825 than
for Alloy 304L This is probably due la the Alloy 825 being inhorontly more tosistant to pitting,
thereby making the prosonce of crovices more important as pit initiation sitos. Also, the pits woro f
much smaller in diamotor and, in gonoral, more shallow for Alloy 825 as compared to Alloy 304L. |
For four Alloy 825 CPP tests (tost Solution Numbers 8,13,18, and 27), this crovico corrosion and
possibly the very small pits resulted in a very high passivo current density. However, post test |
0xamination suggestod a different interpretation; that is, the apparent passWo curront was actually !

a psoudo limiting current density for pitting /crovice attack. For those tests, the breakdown
potential for pitting / crevice and the protection potential woro solocted at the point at which thb
forward and reverso scans, respectively, crossed at 10 pAlcm' current donsity. The 10 pAlcm'
current density was solocted somowhat arbitrarily, but corresponds to the hight a passivo current i

density expected.
;

As was observed with Aitoy 304L tests, Alloy 825 or.hibited pitting behavior in soveral of the test
solutions. The primary question is whether tho (engo of solution variables losted realistically
simulated long torm conditions which may develop in a repository. !

iTablo 7.2 presents a summary of the polarization paramotors selected from the matrix of CPP
tests. _ Also included in the table is a brief description of the specimen condition following tho ;

testing. Test Solution Numbers 33 through 36 woro performed in the same solution and provido !

an indicatior, of the reproducibility of the polarization behavior; the four curves are illustrried in ,

Figure 7.2. |

In summary, data for Alloy 304L and Alloy 825 indicate that several different types of corrosion
behavior are possible depending upon the solution composition. Thoso data also show that
various combinations of solution variables produced localized corrosion for both of the Fo-Cr Ni
alloys in some regions of the factor space. The rMults of our roscarch showod that although the
interpretation of the CPP curvos conformod with tonventional interpretation, caro is required in
those interpretations whors thin oxido films develop over the specimen surface and when spurious
oxidallon reactions, which are not actually representative of corrosion, occur at the specimon.

i

I.
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Tablo 7.2 Polarization Paramotors For The Test Solutions in The Statistically Dosigned |
Matrix Of Experiments For Alloy 825.

;__ - __

p Er3' p k'| Test E
Solution V, EE x 10 x 10 V, CE V. E Comments

1 + 0.225 0.40 16 40.72 + 0.48 No pitting / tarnished
2 0.325 0.24 2.6 + 0.78 + 0.68 Vory shallow pitting
3 0.005 0.10 1.7 40.04 + 0.80 Pitting
4 + 0.030 0.37 No pittin / ht tamishing |5 40.225 0.50 No pittin / t tarnishing
6 0.400 0.13 1.7 40.65 + 0.53 No pittin / ished ;

,

7 0.090 0.27 1.3 40.60 + 0.15 Pitti :
8 + 0.105 0.14 40.35 + 0.12 Pitti /crovico/intorgranular attack

8 rynt 40.100 0.41 40.28 + 0.09 Pitti /crovice corrosion i

,

8 re.ai 0.070 0.55 1.2 + 0.24 + 0.09 Pittin /crovico corrosion
9 40.260 0.30 4.8 + 0.58 40.10 Pitting /crovicoAntercranular attack

10 0.320 0.14 2.0 40.68 + 0.63 No pittin / tarnished ~
11 0.465 0.17 2.0 + 0.67 40.54 No pittin / tarnished
12 0.010 0.12 No pittin / tarnished
13 + 0.180 0.31 + 0.36 40.33 Pitting
14 0.250 0.24 3.0 40.69 40.67 No pittin
15 0.205 0.13 1.6 + 0.75 + 0.57 No Ittin / tarnished /(pos61ble very sight pitting)
16 0.070 0.22 No ittin / local tamishin0/ sight clevko crack '

17 -0.190 0.12 2.0 + 0.73 4 0.'/ 0 No ing
18 40.135 0.32 +0.29 + 0.14 Pitt ng/crovict fittack
19 0.070 .0.10 10 + 0.72 40.15 Pitting /crovice httack
20 -0.320 0.10 1.5 +0.69 40.09 Pitting /crovice attack
21 0.450 0.14 2.0 40.67 40.60 No ittin
22 0.040 0.16

No ittin / local tarnishing / slight etchinD
/ slight otching

23 + 0.020 0.26 No ittin / local tarnishing
24 0.180 0.16 2.6 40.64 + 0.50 No ittin / slight tamishing
25 0.420 0.11 2.5 + 0.70 +0.60 No pitting /tamishing/ local activo attack
26 40.200 0.14 No pittingtarnishinavery shallow local active attack
27 +0.120 0.22 + 0.27 +0.11 Pitting / local activo attack
28 0.020 0.16 3.0 40.64 + 0.54 No pittin /tamishing

28 m. t 0.125 0.15 2.0 +0.64 +0.46 No pitt / tarnishing
29 -0.070 0.08 1.8 40.80 40.70 Very sh low pitting
30 + 0.180 0.68 50 +0.67 + 0.18 Pitting ,

31 + 0.080 0.39 No atting/ local tamishing/ sight active attack
32 0.270 <0.08 1.3 +0.76 40.76 No itting
33 + 0.095 0.15 No Ittin /hoavy tamishing
34 + 0.100 0.33 No pittin /hoavy ta..iishing
35 +0.090 0.16 No pitt /hoavy tamishing

-36 40.170 0.32 Pitting / allow)/hoavy tamishing
37 0.650 0.08 2.4 + 0.70 40.70 No Pitting
38 0.480 0.14 2.4 40.70 +0.16 Pitting
39 +0.267 0.14 + 0.60 +0.29 Pitting
40 + 0.189 0.13 + 0.90 40.90 Pitting /crovice attack
41 -0.255 0.02 40.64 + 0.62 No attack
42 + 0.026 0.33 + 0.75 + 0.75 No pittinglotching at crovico
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Figure 7.2. CPP Curves For Alloy 825 in Test Solution Numbers 33 Through 36 (identical
Solutions With Avorage Concentrations Of Environmental Variables).
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8. EFFECTS OF TEMPERAT1JRE ON CPP BEHAVIOR

Cyclic-potentiodynamic-polarization (CPP) experiments woro portormod on Alloys CDA 102, CDA
715,304L, and 825 in simulated J 13 well water and in throo other solutions solocted from the
statistical matrix at 50*C,75*C, and 90*C. The purpose of thoso experimonts was to provido a
bottor indication of the offect of temperature on the corrosion behavior of thoso alloys. The
experimental conditions woro similar to thoso previously used for each alloy as described in
Section 3. The tests woro run at a scan rato of 0.17 mV/sec (0.6 V/hr). Each of the CPP curvos
obtained in this subtask is given in Appendix E.

8.1 Cooper Base Alloys

Each of the copper base alloys was ovaluated at 50*C,75*C, and 90*C in the following solutions:

(1) Simulated J 13 well water,
(2) Solution No. 7, in which the copper-base alloys exhibited activo corrosion behavior (in the

CPP tost matrix), and
(3) Solution No.10, which promoted passivation and pitting of the copper base alloys.

The compositions of thoso solutions aro given in Tablo 8.1.

The CPP curvos n.r Alloy CDA 102 and Alloy CDA 715 in simulated J 13 wo" water at each of
the throo temperatures are shown in Figuros 8.1 and 8.2, respecJvoly. Tablo 8.2 presents the
polarization paramotors selected from those curvos.

For Alloy CDA 102 in simulated J 13 well water, it is soon that the corrosion curront density, I.,>

increased with increasing temperature whilo no s1 nificant chango in troo corrosion potential, E.,0
was observed. The breakdown potential, E., variod only slightly with temperaturo. Al: hough
significant differences in the ropassivation potential, E ,,woro observed for the differont tosts, non
temperaturo-dopondent trends woro evident. In all casos, post tost examination Indicated local
variations in the oxido coloration. Some activo corrosion also was observed for the specimen
testod at 75'C. As discussed previously, the hystorosis in the CPP curvos for Alloy CDA 102
appears to be rotated to the oxido-layer irrogularities, as opposed to the pitting-ropassivation
phenomena to which hysterests is normally attributod. It is possible that the wide rango of E,
values observed can be attributed to variation in the nature of the oxido from tost to test.

y..

For Alloy CDA 715 in simulated J 13 well water, the values of E, became doro noga :to as no >
toporaturo increased while the corrosion ratos woro simitar for all tempr.tatures. Tt behavior

of E, and|Is indicativo of a passivo alloy, l.a. E, vario:: but l , remains unchanged. The valty

E, did not show a systemic trend for Alloy 715 in simulated J 13 well wate'y Post-test
examination of the test specimens indicated similar behavior at all throo temperatures. That is,
local oxido changes as well as locally activo attack, with a few shallow pits in the activo regions.
The local oxido chan00s and the shallow p!ts probably account for tho hystorosis in the CPP
curvos.

*

67

. _ - _ - _ _ - _



.. . .

Tablo 8.1 Compositions Of Selected Solutions From The Experimental Matrix Used in The
Temperaturo Effect Studios Of The Copper Base Alloys.

__

Simulated
Environmental J 13 Well Water J 13 Well Water Solution W 7 Solution W 10

Species rig /l mg/l mg/l mg/l

pH 7.6 7.0 1 0.2 5.0 10

SiO, 58 64.2 215 2.2

HrO - 125 121 0.4 2000 :
3

F- 2.2 1.7 0.04 ').04

Cl- 6.9 6.4 1000 1000

N O.- 9.6 12.4 0.2 0.2

S O.' - 18.7 19.2
* *

0.0 0.0N O,- - -

0.0 0.0H,0, - -

Al'' O.012 0.0004 0.8-

Fo'' O.006 0.0 0.0-

C a'' 12.5 12,0 0.8 0.8

Mg'' 1.9 1.7 0.0 0.004

K' 5.1 5.5 0.08 0.08

* *Na' 44 46

PO/- 0.12 2.0 0.01-

172 0Oxalic Acid - -

.

* Na' and SO.' woro used to balance the composition.

:

|
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in Solution Number 7 and Solution Number 10 nolther of the copper base n!!oys appeared to
show any systomatic trends in the polarization paramotors. Optical oxamination of the specimens
following thoso CPP tests also failed to show any observablo difforences as a result of
temperature differences. These data indicato that thoto is not a strong temperaturo dopondonco
of the corrosion behavior of the coppor base alloys in the syntholic environmonts ovaluated over
the limitod temperaturo rango of 50*C to 90'C.

6.2 Fe-Cr HI Alloys

Each of the Fe Cr Ni alloys was ovaluated at 50*C,70'C, and 90'C in tho following solutions:

(1) Gimulated J 13 well water,

(2) Solution Number 7, which promoted pitting of the Fo-Cr Ni alloys (in the CPP test matrix),
and

(3) Solution Number 20, which promoted passivation and pitting of the Fo Cr Ni alloys.

The compositions of those solutions are glvon in Table 8.3.

The CPP curves for Alloy 304L and Alloy 825 in simulated J 13 well water at each of the throo
temperatures are shown in Figures 8.3 and 8.4, respectively. Tablo 8.4 prosonts the polarization
paramotors selected from thoso curvos.

For Alloy 304L in simulated J-13 well water, the forward scans for each of tho throo curves woro
very similar and very little difference in the passivo curront density was observed for the difforent
temperatures. As observed for CDA 715, the troo. corrosion potential of Alloy 304L at 90*C was
significantly more no0ativo than at 50*C or 75'C. The CPP tests performed at 50*C and 90*C
in simutt.ted J 13 wellwater exhibited no hysterosis and the specimens showed no signs of pitting
or other attack during post test examination. Tablo 0.4 shows that the E and E values forr g
Alloy 304L woro similar at 50*C and 90'C in simulated J 13 well water. Howevor, hystorosis was
observod for Alloy 304L at 75'C and p!ts woro observed on the bottom of tho spocimon. This
hystorosis was reflected in a very negativo value for E ,. It should be noted that the CPP testsg
at 50'C and 75*C woro performod using the same batch of simulated J 13 well water. Thorofore,
the difference in behavior betwoon 50*C and 75'O cannot be attributed to differences in the
makeup of the simulated J 13 well water. Also, the Alloy 304L test specimens came from the
same batch of material for all throo tests. The question tomains as to the cause of the pitting
observed at 75'C.

For Alloy 825 in simulated J 13 well water, very little difference was observod in the CPP behavior
at the thron temperatures, The froo corrosion potential was more negativo at higher
temperatures. No hystorosis was observed at any of the temperatures and post tost examination
showed that negligible attack of the samplos had occurred.

in Solution Number 7 and Solution Number 20, howevct, neither of the Fo-Cr Ni alloys appeared
to show any systematic trends in the polarization paramotors. Optical oxamination of the
specimens showed pitting of both alloys in both of the solutions with no observablo differences
as a result of changes in the solution temperature. The apparent lack of any systematic trends
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Table 8.3. Compositions Of Selected Solutions From The Experimontal Matrix Usod in The
Temperaturo Fffect Studios Of Fo Cr Ni Alloys,

Simulated
Environmental J 13 Well Water J 13 Well Water Solution N* 7 Solution N' 20

Species mg/l mg/l mg,1 mg1
_ _

pH 7.6 7.010.2 5.0 10.0

SiO, SB 64.2 215 2.2

|HCO - 125 121 0.4 0.4 ,

F- 2.2 1.7 0.04 200

Cl- G.9 6.4 1000 1000

N O.- 9.6 12.4 0.2 0.2

SO/- 18.7 19.2 * *

0.0 200N O,- - -

H,0, 0.0 0.0- -

Al'' O.012 0.0004 0.3

Fo'' O.006 0.0 0.0-

Ca'' 12.5 12.0 0.8 0,8

Mg'' 1.9 1.7 0.8 0.8

K' 5.1 5.5 0.08 408

Na* 44 46 * *

PO/- 0.12 2.0 2.0-

Oxalic Acid 172 0- -

* Na* and SO/ woro used to balance the composition.
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in the 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 / syn'aietic environment systems -!
evaluated over the limited temperature range of 50'C to 90*C. |
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2. EFFECTS OF HEAT TRANSFER ON CPP BEHAWOR

Cyclic potontiodynamic polarization experiments woro performod on heat transfor specimens of
the four cand6dato alloys. The purpose of those exporiments was to examine the offects of
temperaturo gradients on the corrosion behavior of the alloys. Those losts simulato conditons
at the heated canister surface. For each of the alloys, losting was conducted in simulated J 13
well water and in one additional solution, solocted from the experimontal matrix,

The experimental sot up and proceduron for the heat transfor tosting worn similar to thoso
previously usod for each alloy as described in Section 3. Tho heat transfor specimon, I!!ustrated
in Figuro 9.1, was inserted through the bottom of a glass lost cell, as shown in Figuro 9.2. The
cell was filled with the test solution and heated to 50*C. The heat transfer specimon 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 troo corrosion potential and the potential was scanned
anodically at a rato of 0.6 V/hr until a critical potential or current had boon attainod; the potential
was than revorsod until a cathodic current was obtalnod. Each of the CPP experiments
performed in this subtask is glvon in Appendix F. Thoso figuros comparo the hoat transfer CPP
behavior with the isothermal CPP behavior in the samo environments at both 90'C and 50*C.

,

9.1 Cooper Base Alloys

M

Each of the coppor-baso alloys was ovaluated in simulated J 13 well water and in Solution
Number 22, which was found to promoto pitting of those alloys in the CPP test matrix. The
compositions of those solutions are glvo in Table 9.1. A summary of the polarization paramotors
E.,I., E , and E,,. as dolormlned from the CPP curvos,is glvon in Tablo 9.2, in simulated J 13
well water, a significant offect of heat transfer on the polarization paramotors for the copper baso
alloys is not evidont from the data. On the other hand, optical examination of the specimons
indicated that heat transfer promoted more severo attack. Alloy CDA 102 oxhibited pitting only
in the heat transfer tests; whereas, more sovoro pitting of Alloy 715 occurred in the prosonce of
heat transfer than in isothormal tests performod at either 50*C or 90*C, Two additional roplicato
tests of Alloy CDA 102 woro periormed and the behavior was duplicated,

in Solution Number 22, a significant effect of heat transfor on corronlon behavior wu bot evident
from the data or from optical examination of the lost specimon. The values of E, for both
copper base alloys did appear to bo chlfted in the noble direction in Solution Number 22 as a
result of the heat transfer, although this offect may have boon a result of the higher temperature
of the haat transfer specimen; CPP tests in Solution 22 at 90*C were not performed.

9,2 Fe-Cr NI Alloyss

Each of the Fo-Cr Ni alloys was ovaluated in simulated J 13 well water and in Solution Number 7,
which was found to promoto pitting of those alloys in the CPP tost matrix. The compositions of
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Tablo 9.1 Composition Of J 13 Well Water And Solution Number 22 Usod For The Heat-
Transfer Studies Of The Copper.Baso Alloys.

Simulated
Environmental J 13 We i Water J 13 Well Water Solution N' 22

Species mg/l mg/l mg/l

pH 7.6 7.010.2 10.0

SiO,. 58 64.2 215

HCO,- 125 121 0.4

F- 2.2 1.7 0.04 '

Cl- 6.9 G.4 1000

NO.- 9.6 12.4 1000 |
|

S O.'- 18.7 19.2 :*

NO,- 0.0- -

H,0, 200- -

Al'' O.012 0.8-

Fo'' O.000 0.0-

Ca'* 12.5 12.0 0.8

Mg'' 1.9 1.7 0.004

K' 5.1 5.5 0.08

Na' 44 46 *

PO|- 0.12 0.01-

Oxalic Acid 172- -

__ __ ,

* Na* and SO.' were used to balance the composition.
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k

Tablo 9.2 Comparison Of CPP Paramotors For Isothermal And Hoat Transfor Specimons Of
Alloy CDA 102 And Alloy CDA 715.

-_
__.

Solution Test E., 1,, E. E,, |
Alloy Temperature Solution V.SCE pNem' V SCE V,SCE Comments !

CDA 102 90'C J 13 0.030 2.00 40.140 0.035 Changos in oxido

CDA .102 50'C J 13 0.020 0 30 40.110 0.090 Changos in oxido

CDA 102' 50'C J 1J 0.021 0.48 40.103 0.078 Pitting

CDA 102t 50*C J 13 0.015 0.43 40.119 0.015 Pitting

CDA 102t 50'O J 13 0.028 0.31 40.113 0.075 Pitting

CDA 715 90'C J 13 0.265 0,41 40.180 40.08v Pitting

CDA 715 50'C J 13 40.025 0.60 40.190 0.000 Pitting

CDA 715' 50'C J 13 0.015 0.18 40.180 0.050 Pitting

CDA 102 50*C 22 40.060 5.60 40.000 Pitting, oxido growth-

CDA 102' 50*C 22 40.100 0.62 40.013 Pitting-

-

CDA 715 50'C 22 40.073 1.00 40.020 Pitting, activo areas-

| CDA 715' 50*C 22 40.113 1.40 40.038 Pitting, etching-

. _ - . _ _ _ . . . _

' * Hoat Transfer Specimon,90*C
t Hoat Tmnsfor Specimon,90''C, Ropeat Test,
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.

thoso solutions aro _ ' von in Table 9.3. A summary of the polarization paramotors, as dolormined
from the CPP curvoo, is given in Table 9,4. Tablo 9.4 also shows the results of the optical
examinations of the CPP specimons following testing. The actual CPP curves are given in
Appendix F. For Alloy 304L in simulated J 13 well water, heat transfer promoted some lccal
etching but the CPP behavior was very similar to that observed under Isothormal condition at
90'C. For Alloy 825 in simulated J 13 well water, hout transfor promotod some hystorosis in the
CPP behavior and pitting on tho spodmon. This occurrence of pitting was quito surprising and
the tost was topontod in the replicato lost, pitting also was observed although the extent of
hystorosis was loss,

in Solution Number 7, however, the data and optical examination of the specimons iovoaled that
no significant changos in corrosion behavior occurrod as a result of temperaturo gradients. As
with the coppor base alloys, the values of E, and E, did appear to be shiftod in the noblo
direction as a result of the hoat transfor, although this offect may have boon a result of the higher
temporaturo of tno heat. transfer specimon; CPP tosts in Solution Number 7 at 90*C woro not
performod.

I

F
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Tablo 9.3 Composition Of J 13 Woll Water And Solution Number 7 Used For The Hoat-
Transfor Studios Of The Fo Cr Ni Alloys.

Simulated
Environmental J 13 Well Water J 13 Well Water Solution tr 7

Species m0/1 mg/l mg/l

pH 7.6 7.010.2 5.0

SiO, 58 64.2 215

HCO," 125 121 0.4

F- 2.2 1.7 0.04

Cl- 6.9 6.4 1000 i

NO - 9.6 12.4 0.2

SO.'- 18.7 19.2 *

NO,~ 0.0- -

H,0, 0.0- -

AP' O.012 0.0004-

Fe'' O.006 0.0-

Ca'' 12.5 12.0 0.0

Mg'* 1.9 1.7 0.8

K' 5.1 5.5 0.08

*Na' 44 46

PO.'- 0.12 2.0-

172Oxalic Acid - -

* Na* and SO.' were used to balanco the composi'Jon.
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TatAo 9.4 Comparison Of CPP Pararr.otors For Isothermal And Hoat Transfor Specirr ons Ofi

Alloy 304L And Alloy 025.

Solution Test E.., l., E. E,,
Alloy Temperature Solution V,SCE pA/cm' V,SCE V.SCE Comments

304L 90'C J 13 -0.125 0.12 +0.800 + 0.800 No pltting

304L 50*C J 13 0.075 0.05 + 0.825 + 0.825 No pitting

304L' 50'C J 13 0.050 0.90 + 0.845 + 0.815 Local etching

i

825 90*C J-13 0.650 0.08 + 0.700 + 0.700 No pitting

825 50*C J-13 0.060 0.05 + 0.640 + 0.840 No pitting

825' 50*C J 13 0.050 0.08 + 0.820 + 0.700 Pitt:ng

8251 50'C J 13 -0.015 0.08 + 0.870 + 0.870 Pitting

304L 90'C 7 0.035 0.21 +0.090 0.120 Pitting

304L 50'C 7 0.030 0.09 + 0.170 0.010 Pitting

304L' 50*C 7 0.013 0.43 + 0.200 -0.006 Pitting

825 90*C 7 0.090 0.27 + 0.600 + 0.150 Pitting

825 50*C 7 0.190 0.08 +0.460 + 0.070 Pitting

825* 50"C 7 0.080 0.20 + 0.435 + 0.280 Pitting

- _.

* Heat Transfor Specimen,90*C
t Heat Transfor Specimon,90*C, Repeat Test

-

,
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10. EFFECTS OF WEl. DING ON CPP BEHAYlOH

Cyclic potentiodynamic polarization experiments woro portormod on wolded specimens of the four
candidato alloys. Tno purpose of thoso experimonts was to examino the offects of wolding on
the cortoston behavior of those alloys. For each of the alloys, tosting was conducted in simulated
J 13 well wator and in two other solutions solocted from the experimontal matrix. For the coppor- '

base alloys, testing was performod in Solution Number 7 and Solution Number 29. For the Fo Cr-
Ni alloys, tasting was performed in Solution Number 7 and Solution Number 25. The
experimental sot up and conditions woro similar to thoso previously used for each of the alloys,
as dosc ibed in Chaptor 3. The losts woro all run at a scan rate of 0.17 mV/ soc (0.6 V/hr). CPP
curves from each of the experiments perionned in this subtask are given in Appendix G. ,

Professor R. G. Thompson of the University of Alabama at Dirmingham (UAD) was retalnod as
a consultant in the preparation of the wolds Justifications for the welding procodutos and welding
paramotor data shoots woro preparod for each of the four alloys and are glvon in Appendix H.
Thoso proceduros woro based on curront recommended Industrial practicos. It was our
understanding that the DOE had not yet prepared wold.ng proceduros for the wasto containor at
the timo of specimen preparation. Plato and rod matorial of each of the four alloys was obtained
and shipped to UAB for wolding. Prior to welding, V. shaped groovos woro machinod
longitudinally in each of the platos, which monsurod 152.4 mm (0 in.) x 304.8 mm (12 in.) x
6.35 mm (0.25 in.). A wolder, who is licensod for wolding nuclear power plant vossols, porformod
the actual wolding. Cylindrical oloctrochemical specimons woro then machined longitudinally from
the actual wold and ovaluated by the cyclic-potentiodynamic polarization (CPP) techniquo.

.

,10.1 Copper Base Alloys

Each of the copper base alloys was evaluated in simulatcd J 13 well water and in Solution
Number 7 at 90'C Solution Number 7 was selected as it was previously shown to exhibit activo-
corrosion behavior of the wrought matorial. Solution Number 29 was also ovaluated with the
copper-base alloys at 50*C Solution Number 29 was previously shown to promoto pitting of the
wrought copper base alloys. The compos!tions of thoso solutions are givrin in Tablo 10.1.I

Tablo 10.2 is a comparison of the polarization paramotors E ,,i ,, E., and E, as dolorminod fromm,

i the CPP curvos. These data, in addition to the optical examinations, show that the woldod
coppor. base alloys woro somewhat more susceptible to localized corrosion than the wrought
alloys in the simulated J-13 onvironment. In Solution Number 7, no approclable chango in
polarization paramotors, as a result of wolding, was observed for Alloy CDA 715. CPP curves
for wolded specimens of Alloy CDA 102, shown in Figuros GIO and G11, exhibited a hysterosis
loop which typically indicatos localized attack. However, optical examination of the wolded Alloy
CDA 102 specimon revoated very slight etching. No hystorosis loop was evident in the data for
the wrought alloy, shown in Figura G9. Again, those observations help to illustrato that the
coppor-base alloys do not appear to exhibit CPP classical behavior.
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Table 10.1 Compositions Of J 13 Woll Water And Solectod Solutions From The Exporimontal
Matrix Used in The Wolding Ettoct Studios Of The Copper Daso Alloys.

Clmulated
Environmental J 13 Well Water J 13 Well Water Solution W 7 Solution W 29

Species mg/l mg/l mg/l mg/l
_

pH 7.6 7.0 i 0.2 5.0 5.0

SiO, 58 64.2 215 215

HCO,- 125 121 0.4 2/ JO

F- 2.2 1.7 0.04 200

Cl- 6.9 6.4 1000 1000

N O,- 9.6 12.4 0.2 0.2

SO '- 18.7 19.2 * *

0.0 200NO,- - -

0.0 0.0H,0, - -

Al'' O.012 0.0004 0.0004-

Fo'' O.006 0.0 0.0-

Ca'' 12.5 12.0 0.8 0.8

Mg'' 1.9 1.7 0.8 0.004

K' 5.1 5.5 0.08 408

* *Na* 44 46

PO *- 0.12 2.0 0.01-

172 172Oxalic Acid - -

-

* Na* and SO,8 woro used to balanco the composition.
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in Solution Number 29, both of 'he welded copper-base alloys generally exhibitod lower free-
corrosion potentials and higher corrosion currents, unwolded specimens. Optical axamination of
the wolded specimens revealed only oxide growth and no pitting; some pitting of the wrought
specimens was observed. Those observations, along with the actual shapes of the CPP curvos,
suggest that the wolds in the copper base alloys exhitWied loss of a tendency to passivato than
the wrought material. This bohavior could load to galvanic corrosion of the wolds and warrants
further study. ;

|

|
.10.2 Fe Cr Ni Alloys !

Each of the Fo Cr Ni alloys were ovaluated at 90'C in the following test solutions:

(1) Simulated J 13 well wator, !

(2) Solution Number 7, which promoted pitting of the Fo Cr Ni alloys, and
(3) Solution Number 25, an t,ctivo corrosion solution for the Fo Cr Ni alloys.

Tho compositions of thoso solutions are given in Table 10.3.

The CPP curves for the wrought and wolded apocimens of Alloy 304L and Alloy P25 aro given i

in Appendix G. Tablo 10.4 is a comparison of the polarization paramotors E., I., E , and E,g
as dolormined from those CPP curvos.

Thoso data, in addition to the optical oxaminations of the specimens, show that,in simulated J 13
well water, nolthor wrought nor wolded spocimons of Alloy 304L exhibited any attack. In the case
of Alloy 825, the CPP curvo for the wolded specimons did not exhibit hystorosis, but some etching

,

was found wound bubbios that formod on tho specimon.
,

in Solution Number 7, no appreciable offect of w$ ding on the polarization paramotors was -

observed for olther of the Fe Cr NI alloys. Optical examination revealod pitting in both the
wrought and wolded specimens. In Solution Number 25, the wolds podormed as well as, and in
somo casos slightly botter than, the wrought material. Thoto was no indication that the wolds
woro more susceptible to attack than the wrought material. Variation in the corrosion paramotors
betwoon the wolded and wrought specimons is probably attributable to scatter in the data.

,

I y

| 88 -

!

|
|

._ _ __ ,_ _ _ _ _ -. _ _ _ _ ___ _ _ _ _ _.- . . _ _ _ _ _ _ - - - ._ _ _ _ ,



. - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . - _ _ - _ _ - _ - _ _ _ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ __- _ ___ _ _ _ _ _ _

|

Tablo 10.3 Compositions Of J 13 Well Water And Selected Solutions From The Esporimontal
Matrix Usod in Tho Wolding Effect Studios Of The Fo Cr.NI Alloys.

| Simuisted
.

Environmental J 13 Well Water J 13 Well Water Solution N' 7 Solution No 25
Species mg1 m01 m01 mg1

,

pH 7.0 7.0 1 0.2 5.0 5.0 l

SiO, 58 64.2 215 215

HCO,- 125 121 0.4 2000

F- 2.2 1.7 0.04 200

Cl- G.9 6.4 1000 0.2

'

NO,- 9.6 12.4 0.2 1000

SO/- 18.7 19.2 * *

NO,- 0.0 0.0- -

H,0, 0.0 0.0- -

Al'' O.012 0.0004 0.8-

Fe'' O.006 0.0 0.0-

Ca'' 12.5 12.0 0.8 0.8

Mg'' 1.9 1.7 0.8 0.8

K' 5.1 5.5 0.08 408

Na* 44 46 * *

PO/- 0.12 2.0 0.01-

Oxalic Acid 172 0.0- -

* Na' and SO ' woro used to balanco the composition.
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Table 10.4 Companson Of CPP Parameters For Wrought And Weided Speomens Of The Fe-Cr-Ni Alloys.

:
-

'

Solution' Test : E,,, I, E,- . E, . i

Alloy Temperature Solution V,SCE . pAlcm' V,SCE . V,SCE Comments
:

. 304L - .90*C 'J-13 - -0.125' O.12 +0.800 +0.800 No pitting.-
!

'

-. 90*C - J-13 ' '0226- - 0.06 +0.821 +0.82.1 - No attack.E 304L* -

.

'I '825- 90*C 'J-13 - L -0.650 0.08 +0.700 ' +0.700 No pitting. -[.

825* GO'C J-13 -0.142 0.03 +0.744 +0.744 Slight etching. '

_.
,- g

i304L 90*C 7. -0.035 . 0.21 +0.090 -0.120 ' Pitting.

' !
304L* 90*C- 7 -0.150 0.06- +0.100 -0.100 Pitting.

,

e
; ? 825 90*C 7 -0.090 0.27 +0.600 4.150 Pitting. j

i
825* 90'C 7 -0.123' O.12 +0.691 +0.136 Pitting. .i

304L 90'C 25- 4.075- 023 +0.820 +0.790 No pitting. .

304L*. 90*C- 25 0.000 0.09 +0.989 +0.989 No attack.;

,
-6.11 +0.700 +0.600 Local active attack. -i825 90*C 25 -0.420.

-

,

825 90*C 25 '-0.063 0.05 +0.690 . +0.620 Iridescent oxide. ;j
4

* Welded specimens.
,

:

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

i

U

a

'

;
, . . ~ , , , , - - , ,- .-.,_____________:-.._._._.



11. DISCUSSl1

The overall objective of Task 2 of the research p Tgram was to examine the effects of
|

environmental _and metallurgical variables on the elet ochemical behavior of the candidato
container malnials. The intent of the work was not to pt- 'ido long term predictive capability but
to identify the types of behavior that reasonably could oi ur in the geologic repository over the
life of the canister and the important variables affecting i 3t behavior,

l

|
An experimental test matrix was formulated in an effort to evaluate 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
environments to which the canister will be exposed, it is important to recognize that failure of
engineered structures by corrosion rarely occur in environments that resemble the nominal
environment for which the alloys were selected.10 the case of the Tuff 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 hest rock at elevated temperatures will tend
to concentrate most species. The presence of the radiation field will generate new species, such
as nitrites, carboxylic acids and hydrogen peroxide. Those species that are not volatile also may
concentrate at the surface of the canister as a result of the combination of boiling and raddion.

Accordingly, the simulated J 13 well water is probably too dilute to accurately represent the
groundwater which will actually contact the wasto 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 alloy 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
(Tuff groundwater) to reproduce and verify 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 to the actual groundwater. The results of the experiments
performed at Conest Columbus Technologies, Inc. on Alloy 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 from 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 Uvermore 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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| attack and shallow pitting in the simulated J 13 well water. Both Alloy 304L and Alloy 825
showed the absence of p4 ting or active attack in the simulated J 13 well water.

CPP tests also were performed on the candidate alloys in simulated J 13 well watar with 1000
mg/1 added chloride to assess the individual effect of chloride concentration on corrosion behavior.
For Alloy CDA 102, the chloride addition promoted a loss of passivity; the alloy exhibited active
behavior in the chloride containing solution while passive behavior was observed in the simulated
J 13 well water in the absence of the added chloride. For Alloy CDA 715, the chloride additions
promoted a decrease in the values of E, and E.,, However, in both the standard simulated J-13
well water and that so'ution with added chloride, hysteresis in the CPP curve for Alloy CDA 715
was observed yet significant pitting of the specimens was not found in post-test evaluations.
Instead, local areas of very shallow pitting and changes in the oxide film occurred.

The chloride addition to simulated J-13 well water p,omoted pitting of Alloy 304L in the CPP tests,
hysterosis in the CPP curves and a decrece in the protection and pitting potentials. The value
E, was very close to E, indicating a high probability of pitting in this environment. In the
absence of the added chloride, E, and E, values were very noble and equal (no hysteresis was
observed) and no pitting occurred. The chloride added to the simulated J 13 well water promoted
a similar change in the polarization behavior for Alloy 825 and pitting of the specimen was
observed. However,in the case of Alloy 825, the value of E was 600-700 mV more noble thaty
E , indicating that pitting of this alloy is unlikely in this environment in the absence of a significant
noble shift in the free-corrosion potential. Such noble shifts may occur as a result of radiolysis
in the repository. It also should ba pointed out that other environments from the test matrix
promoted more severe pitting of Alloy 825, as described below.

11.2 Statistical Matrix of CPP Tests

Relatively little corrosion research has been performed in environments de signed to simulate the
concentration effects on the groundwater in the Tuff Repository and these generally have been
performed in uniformly concentrated groundwaters. This has been accomplished either by boiling -

actual J-13 well water (Pitman-1986 and Abraham 1986) or by preparing a concentrated
simulated J 13 well water (Abraham-1986 and McCright-1985). In the latter case, all species

,

were uniformly concentrated. These studies have provided useful information on container
materials performance, and are discussed in greater detailin the Task 1 Topical Report (Beavers-
1990, NUREG/CR-5435) and in the topical report to be issued for Task 7 of this program. In fact,
in Task 7, long-term boil-down tests were performed to assess materials performance. However,
these tests probably do not accurately simulate actual repository conditions in that it is not likely
that the species will uniformly concentrate because of (1) rock-water interactions, (2) corrosion
product-water interactions, (3) retrograde solubility of some species and even (4) interaction of
the groundwater with species from failed containers. Moreover, these studies have not
considered, in general, the effects of the radiation field on the groundwater composition.

Tha synthetic test environments used in the Task 2 studies were developed using a statistical
model specifically designed to examine corrosion behavior in complex environments. The
Resolution IV experimental design was selected to evaluate 15 variables; twelve variables
associated with the J-13 groundwater and three variables produced by radiolysis. This design
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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 high/ low level combinations were required to determine the main offect terms for
. fifteen variables, giving 32 CPP tests for each alloy. Four additional replicate experiments wereI

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 factor of about 200X was used for many of the species. Although 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 chloride |
and nitrate respectively following six-month boil-down tests. Thus, much higher concentrations !

1

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 to
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 life of
the canister emplacement.

11 should be recognized that the test matrix was designed as a screening matrix to identify
important species, or regions of the environmentra factor space, with respect to 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 depend _ing upon the alloy and the solution composition. The types of
corrosion behavior observed for the different alloys included 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 factor space.

The results of our research also indicate that great care is required in interpreting the results of 1

the electrochemical studies for both the copper-base and the Fe-Cr Ni alloys. 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, hysterests 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' to 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 hand, were generally found to conform with conventional|

! . interpretation of CPP curves. There were, however, a few instances where only a 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 a small amount
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. of hysteresis. In other instances, slight attack and/or tamish was observed, but experienco
indicated that the amount of attack did not correspond to the currents observod. In these cases,
it is believed that a spurious oxidation reaction, a reaction other than corrosion, resulted in the
high currents; For the most part, these tests resulted in no pitting and the specimen romalning
passive over the potential range examined.

The electrochemical data for the four candidato container alloys were entered in ASCil files.
These data were then verified with the original CPP curves and analyzed by Dr. W. R. Harpor of
Resourco International, Inc. In Columbus, Ohio using a SAS (SAS Instituto, 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 classical terms E, and E, were used for the pitting potential
and protection potential, respectively, for the FO-Cr-Ni alloys. On the other hand, the term E, and
E, woro 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, which means
that one accepts a 20 porcent probability that a variable does not have an effect. This is a typical
confidence level for a screening experiment. Variables having a higher confidence lovel (90
percent) are Indicated in the tables with an asterisk. The confidonce levelis determined from the
F statistic for the variable which is a ratio of two variances;i.e., the sum of squares explained by
each factor when entered into the regression equation divided by the residual mean square error.
In general, when the calculated F statistic is large (corresponding to a high confidenc > 'evel) it
indicates that a large amount of the experimental variation is explained by this term in cv parison
to the error variation. The statistical error consists of two components; experimental error and
error 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 and coefficients for the regression equation:

Y = a + Ta, x,o

where Y is the corrosion parameter, a is the intercept, a, is the coefficient for the im solutiono

variable, and x,is the concentration of variable i. It should be cautioned that the Resolution IV
design is a screening design to L.;entify important environmental variables 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/l; 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,g
the units of the coefficieni are mV/mg/1.

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

E, I. E, E,, i

Variable mV pA/cm' mV -mV ,

- i

0.384 0.136-SiO, 0.141 -

,

HCO,- 0.036 * -8.3 x 10 d 0.092 * -

|
'

F- 0.338 0.180 *- -

0.078 0.069 *Cl- -0.028 -.

i -

N O,- 0.030 - - -

P

0.190 *N O,- - - -

,

H,0, 0.411 * 0.014 * - -

Ca'* 38.621-- - -
.

Mg'* ~ -42.454-- - -

Al'* - -35.433 - -- -

PO.*- -23.376 * - - -

0.022 *- Oxalic Acid - --

- O, 1.640 * 0.079 * - --

Temperature 1.975 * - - -

pH 6.553 -0.414 * 34.305 * -

_........... ........... ........... . . ......... ..........
.

155 84.924Intercept 140 2.672 -

' Adjusted R' O.548 0.274 0.369 0.218

* Based on 90% confidence level.
;
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LTable 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 .
(

- - E, l. E. E4Variable - mV pA/cm' - mV- mV -

-SiO, -0.271 - - -

HCO - 0.039 * 1.5 x 10-' * 0.191 * 0.058 *3

'F- 0.333 * - - -

t

Cl- -0.117 * 2.6 x 10-* * -0.105 *.--

NO - -0.102 *- -
3 -

i

N O,- - - - -

.

H,0, 0.350 * - - -

Ca** - - - - - -

_ Mg**D
81.372- - ---

Al'* 70.568- - -
.

8PO - -27.707 - - -4

- Oxalic Acid 0.015 * 0.417-- -

: O,
'

--- - -

.

Temperature 2.781 * - - --

pH 0.518 * 34.036 *- -

'

-.......... ........... ........... ........... ..........

Intercept 305 2.424 -116 -74.880
,

- Adjusted R' O.400 0.134 0.555- 0.233;

' * Based on 90% confidence level.
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Table 11.3 Summary Of The Statistical Analysis For Alloy 304L Coefficients Were Select 9d ;

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

COEFFCIENTS FOR MAIN EFFECTS
,.

__

E,,, l. , E, E .
. .

g y

Verlable mV pAlcm' mV mV '

i

g SiO, -0.276 * - - -

i
HCO,- 0.031 * 4.8 x 10" 0.045 :i'

-

:

F- -0.365 * - - -

Cl- -0.046 * 1.3 x 10 ' 0.226 * -0.594 * '

0.102 * 0.240 *NO - - -
3

N O,-
*

- - - -

H,0, 0.885 * 1.0 x 10 " - --

Ca'' 53.160 - - -

Mg'* - - - -

Al** 53.911 - - -

PO.8- 66.674- - -

Oxalic Acid - - -- - -

1

0, 1.666 - - -

- Temperature 1,470 * -- - -

pH 11.886_* 1.9 x- 10" 17.777_ -

. ........... ........... ............ ........... ..........

Intercept 333 0.222 802 753
3

Adjusted R' 0.57. - 0.224 0.308 0.575-
-

4

* Based on 90% confidence level.
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Tablo 11.4 Summary Of The Statistica' balysis Fu Alloy 825. Coefficients Woro Selected
Based On 80% Confidence Lovel. (Solution Numbe s 1 Through 36.)

__

COEFFICIENTS FOR MAIN EFFECTS

E., l., E Eg g
Variable mV pAlcm' mV mV

SiO, - - - -

HCO - 0.078 * - - -
3

F- -0.439 * 0.695 * --

Cl- -0.231 *- - -

0.109NO - - - -
2

|N O,- - - - -

H,0, 1.627 * 5.0 x 10" -0.945 * 1.151 *

C a'* - - - -

Mg'* - -6.5 x 10" -210.481 * 217.506 *

8
- -Al * - -

PO/- - - - -

Oxalle Acid - - - 0.558

0, 2.903 - - -

Temperature -1.618 1.3 x 10" - -

pH 18.069 * -9.4 x 10-* - -24.860 *

........... ........... ........... ........... ..........

Intercept 144 0.160 898 999

Adjusted R' O.660 0.120 0.143 0.412
_

* Based on 90% confidence level.
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that the magnitude of the coefficient be considered in the context of the range of the variablo; tho
| - ranges of oxygen, temperature and pH are much smaller than the rangos for many of the other

variables. The coefficient must be multiplied by the range of the solution variable to determine
the n,dgnitudo of the offect on the paramotor. Also includod in the tables are the adjusted R'

,
. values, which indicato the percentage of the observed variation for the corrosion paramotor that
can be expla! nod by the solution variable; an adjustment is made in the R' value for the number'

of experiments and the number of paramotors estimated in the regression.

Further discussion of the coefficients for the copper-base alloys and the Fe-Cr Ni alloys is given
in separato sections below. Those sections also present the statistical data in a bar chart format.
The data in those bar charts were re-analyzed to account for the concentration of the variables
to clearly portray the important variables, and the magnitude of their otfocts on specific corrosion
paramotors for each alloy,

11.2.1 Copper-Base Alloys

A summary of the significant main-offect terms for Alloy CDA 102 for each of the four corrosion
paramotors (E., I., E., and E ) is given in Table 11.1 Figure 11.1 gives the direction and
magnitudo of the offect of the soIution variablos on those paramotors for Alloy CDA 102. Those
data show that several of the variables affected E, with H,0, having the largest positivo offect
(increased E.) and temperature and HCOi having the largest negativo offects. The offect of
H,O, on E,is reasonable sinco H O,is a strong oxidant while some of the other effects are more

$difficult to explain. The adjusted R value was moderato,0.55, Indicating that 55% of the variation
in the data was explained.

With regard to l , the data trends were quito reasonable with the oxidants, H,0, and O,y

increasing 1, and HCO ,a passivating species, decreasing 1 ; an increase in pH also decreased3

I.. The adjustod R' value for I, was low; 0.274, Chlorido exhibited a negativo offect on both
E, and E, while SiO, and F' exhibited a positive offect on both paramotors. pH and HCOf also
exhibited positivo offects on E, while NOf exhibited a positive offect on E,. The adjusted R'
values for both E, and E, were low at 0.369 and 0.218 respectively.

As previously desu ed, the concentrations of Al'*, Mg'', and Ca'* in the original test matrix wero
inadvertently prepared at lower than desired concentrations. Accordingly, a small matrix of tosta
was performed to independently ovaluate the offects of those speclos on corrosion behavior in
an average solution (all other species at their averago 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 of
tests is given in Tablo 11.5 and data for CDA 102 are given in Figure 11.2. These data show that

there was no offect of Ca'', Mg'', or pH on E, or E, while Mg'' exhibited a positivo effect on y
- and pH exhibited a small positivo effect on E,. This was a fully saturated design, thus the R
value is one.

A summary of the significant main offect 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 thoso paramators for Alloy CDA 715. Those
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Table 11.5 _ Summary Of Th9 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., 1,, E or E. E or E,g g

Ca'* - - - -

Mg'* 10.377 18.704- -

825 pH -68.500 - - -

------- ------- ------- ------- ------

Intercept 609.8 0.100 652.0 187.9

Ca'* - - - -

Mg'* - - -- --

304L pH -27.000 * 0.050 * 19.100 * -

------- ------- ------- -------. ------

Intercept 365.3 -0.220 549.5 -451.3

Ca'* - - - -

Mg'* - -- -- -

CDA 715 pH -40.900 -1.609 - -

----_-_ _----_- --_--__ ------_ ------

Intercept 294.2 21.085 -62.9 -164.6

Ca'* - - - -

Mg'* - 0.176 - -

CDA 102 pH - 0.400 - 8.600 *
------- ------.- ------- ------- - - - - - - -

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,..g

- 101 -



p-

7[i
L'
l

:
'y

_

-8N N
o o 4
N N $Q Q q

-- o o s 0
PH ( pH j- -x xo -o

3 g
R R @

$ _$ E

E - Mg E eg Mg .8
,h
"-

0 W- .p.> > e

8
Cc- Co j- -

c
0
&
h1 'l 1 I I i i i l i i i i ! ! I

jaome+NoN+emo ooooooooooo
"

'

I I I I 'i 8?88S' 08?8 e |:I I I I I
. . 3: .i

W3/W '!V (30s) AW '3V $8
E C C-

8$cg
8 3

N N
.o o o

OM'" -

< < e v
Q Q CC
o o h@
x PH pH y2- -x

. h j O5
,

$$* e
- Mg .f Mg j-- -,

8 3 # g sgm
gz
ae
2O

Co -- Ca 3y.-

OS
ys

- gai :i i , ,ii, ,iii i iii
W"ooooooooooo oooooooooooooooo -ooooo cooco ococo m -

aO + t9 N v- +- - N to + 0 . O + 79 N e e N t9 4 O fg1 -I I I l- l 1 -l i I

(30s) AW '3V (30S) AW '3V' ei
"

e
a-

- 102 - [

F



. _ . _ _ _ _ _ _ _ _ _ _ - _ . _ - _ _ _ _ _ _

I~E Alloy CDA 715. Alloy CDA 715corcor.600 4
|500 -

3 -
'

400 -
.

'

300 - 2 -

O 200 -

N- 100 . E 1 -

!
'

O O .. -g
-, w - gggU

_, u ;..

'd -200 - M
|

_3co _ _ _ |

-400 -

_3 , d
_3oo .

_ggn _4. . . . ........... . ........ . . . .

mImozzzoeho o o -4 m mI m o z z z o c 2 m o o -4 m
,,5 8 ~.O .P "o * * 8 {" $ I ,,0 8 ~ P O "o * * 8 5 " ,$ I.

~a m go

Variable Variable
i

.\.

a l

oy E Eb A!!oy CDA 715 rp A!!oy CDA 715
600 600
500 - 500b
400 - 400 L
300 - 300 -

G 200 -G- 200 -

7 8 100 -

@ ra rn rA i
M 100 -

6 --
0 > 0> g,

E _100 _ $ E _1oo . w j

f -200 - d -200b |
-300 - -300b i

_400 . -400 . )

-500 - -500 - ~

-600 :~600 ' '''****'' ' ' ' ** * ' ' ' ' ' ' ' ' ' ' ' g' v" 47 |mozzzor2 moo $*zzoehvoo mI.mI mo2
68 ~ O.0 "o * * 85"3* 68 ~ O 0 "o 85",*

.. gg v . ~~

Vorlobl* Variable

Figure 11.3 The Effects Of Solution Variables, Over The Defined Concentration Ranges, On The Corroshn Parameters For A!!oy |
CDA 715 in Solution Numbers 1 Through 36. i

1
,

4

_ _ _ . _ . _ _ _ _ - ,



-

i

data show that several of the variables affected E, with H,0, having the only positive effect
(increased E.) and temperature and Cl having the largest negative elfocts. The adjusted R'
value was moderately low,0.40, indicating that 40% of the variation in the data was explained.

With regard to I., pH and HCOi had the only negative coefficients, as was observed for Alloy
CDA 102, while Cr and Oxalic acid exhibited positive coefficients, increasing i The adjusted
R' value for I, was very low; 0.134. Bicart>onate and pH exhibited positive effects on E, while
the only variable decreasing E, was NOf. The adjusted R' value for E, was moderate at 0.55.
With regard to E,,, five variables affected the parameter with Cr exhibiting the only negat!ve offect
and HCOf exhibiting the largest positive effect. The adjusted R' value for E, was low at 0.233.

A summary of the results of the matrix of tests performed on alloy CDA 715,in which the effects
of high levels of Mg'' and Ca'' on the CPP behavior was evaluated, is given in Table 11.5 and
data for Alloy CDA 715 are given in Figure 11,4 These data show that there was no effect of
Ca'' or Mg'' on any of the test parameters. pH exhibited a small positive effect on E, and a
negative effect on I , This was u fully saturated design, thus the R' value is one.

11.2.2 Fe-Cr-Ni Alloys

A summary of the significant main offect terms for Alloy 304L for each of the four corrosion
parameters (E,, l , E,,, E,,) is given in Table 11.3 and Figure 11.5. With regard to E., the
negative values for many of the variables indicate that they promoted a decrease in the free-
corrosion potential. On the other hand, H,0, promoted an increase in E , which is expected
based on the known oxidizing strength of H,0,(see Figure 11.5). The effect of O,, a negative
coefficient, is not fully understood. The E, analysis for Alloy 304L had an adjusted R' value of
0.57, which means that the main effect terms accounted for 67% of the total variability in the data.

With regard to I., HCOi, and pH were found to decrease I, while Cl and H,0, increased i .
This behavior is understandable since HCO and elevated pH tend to promote passivation3

(corrosion inhibitors) while Cl attacks the passive film on stainless steels and H,0,is an oxidant,
_

which also increased the corrosion potential. The overall adjusted R' value for i, was low,0.224,
when considering main effect terms only.

The pitting potential, E,,,, for Alloy 304L was increased by the passivating agents HCO , NO ,3 3

and elevated pH, while Cl decreased E,,. No other variables were found to be significant. The
adjusted R' value for the main effect term analysis was 0.37. The protection potential, E,,, for
Alloy 304L was found to be affected by Cl , NO , and PO7; nitrate and phosphate increased3

the protection potential while Cl-decreased the protection potential. The adjusted R' value for
the main-effect term analysis for the protection potential was 0.575. As shown in Figure 11.5, the
magnitude of the Cl and NO variables show a significant effect when concentration is3

considered.

A summary o' the results of the matrix of tests performed on Alloy 304L, in which the effects of
high levels of Mg'* and Ca'' on the CPP behavior was evaluated, is given in Table 11.5 and data
for Alloy 304L are given in Figure 11.6. These data show that there was no effect of Ca'' or Mg''
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on any of the test parameters, pH exhibited a small negative effect on E, and small positive
effects on I, and E . This was a fully saturated design, thus the R' value is one.g

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 Alloy 304L, but fewer variables were found to be important for Alloy 825.
In addition, the oxygen coefficient for Alloy 825 was positive instead of a negative coctficient,
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 affect I, for Alloy 825; H,O,, Mg'*, and
tempcrature. H,O, and temperature had positive effects on I, while Mp had a negative effect.

The adjusted R' value for I, of Alloy 825 also was very low; 0.120. The data for E,Ifor Alloy 825
were quito peculiar; only three variables were found to affect E,(F , H,0,, and Mg *). The Mg'*
effect was quite large, while the coefficient for F was found to be positive and no Cl offect was
found. In addition, the adjustod R' value was low 0.143. This behavior may reflect the fact that
the pitting potential for Alloy 825 woro 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 variables. Chloride exhibited
a negative effect while NO was beneficial, increasing E, . Similar effects were observed for3

Alloy 304L and are reasonable based on the behavior of those species. The effects of the other
species on E are not readily explainable. Both Mg'* and H,0, both exhibited r:egative effectsg

on E,,, which were similar in magnitude to their effects on E . The adjusted R' value for E,,g
of Alloy 825 was moderate at 0.412.

A summary of the results of the matrix of tests performed on Alloy 825, in which the effects of
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 offect evident in the small matrix
was pH which exhibited a negative effect on E., This was a fully saturated design, thus the R'
value is one.

For passive alloys such as Alloy 304L and Alloy 825, the most important parameters in predicting
long-term performance are E., E , and E, . General corrosion rates are usually quite low forg

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 , andm g 3 3

pH are beneficial for Alloy 304L and warrant further study. Similarly, detrimental variables for
Alloy 304L are Cl and H,0,.

For Alloy 825, the expected detrimental effects of Cl and H 0, on corrosion behavior were2

found, along with the beneficial effect of NO . However, many of the other effects are difficult3

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 alloys. This poor
predictive capability is probably the result of three factors; (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). Nevertholoss, the statistical matrix of CPP tosts provided an
increase in our understanding of the typos of behavior that are possible and identified important
variables for further study.

11.3 Thermal Effects on CPP Behavior

The thormal offects on the corrosion behavior of the four candidato alloys woro evaluated by the
cyclic-potentiodynamic-polarization techniquo with two different test methods. The first sorics of
tnormal-effects experiments examined the changes in corrosion behavior when CPP tests woro
performed with each of the alloys at 50'C,75*C, and 90 C in selected environments. The second
series of thermal offects experiments examined the offects of heat transfer on the corrosion
behavior by the CPP technique utilizing specimens which woro internally heated to 90*C while
maintaining the selected test solutions at 50'C. The environments selected for each of those
studios 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 Isothermal Tests

The results of the research performed in simulated J-13 well water showed that the offect of
temperature on the CPP behavior at the free-corrosion potential to be similar for each of the four
alloys. With the exception of Alloy CDA 102, the values for E, for each alloy woro found to
becomo more negative as the temperature was increased while the corrosion rates woro similar
for all throo temperatures. This behavior is indicative of passive alloys. For Alloy CDA 102, the
corrosion current density increased with increasing temperature while no significant chango 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 Alloy CDA 715 exhibited a limited
passivo range prior to film breakdown in the simulated J 13 well water. Optical examination of
Alloy CDA 715 revealed localized changes in the oxido film and a few shallow pits conosponded
with these localized active areas at all three temperatures. Optical examination of Alloy 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 temperaturo-dependent trends were evident.- It is possible that the wide range
of recassivation potentials can be attributed to the irregularities in the oxido layer from test to test.

For Alloy 825 in simulated J-13 well water, values of E and E, decrease with increasing
_

g
temperatures. -However, no pitting or hysterosis 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 hysterosis was
evident at olther 50 C or 90*C. Glass (Glass 1984) also observed a slight increase in corrosion
rato 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
alloys. Solution Number 10 was also chosen as it was found to promote oassivation and pitting
of the copper-base alloys whereas Solution 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 chloride. 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 90 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.

11.3.2 Temperature Gradient Tests

The effects of temperature gradients were evaluated by the CPP technique using heat-transfer
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. '

Each 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 behavior of each
of the four alloys as evidenced by the more severe etching and pitting that occurred during the
testing. Testing was repeatchith Alloy CDA 102 to reconfirm the corrosion behavior. The data
from the repeat tests showed the CPP curves and corrosion behavior to be reproducible, The
occurrence of pitting of Alloy 825 was quite surprising and that particular test was also repeated.
Again, the data from that repeat test showed the CPP curve to be reproducible.
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The results of the experiments performed with the copper base alloys in Solution Number 22 and
the Fo-Cr Ni alloys in Solution Number 7 all revealed that no significant changos occurred in the
corrosion bohavior as a result of the temperaturo gradients. Optical examination of the alloys
following the CPP tests in Solution Numbers 22 and 7 revealed pitting of the heat transfer
specimon which was no more severe than the pitting that occurrod in eartior CPP testings in the
absence of heat transfor. For each of the alloy / simulated environment systems lostod, the values
of E, and E/E did appear to be shifted in the nobio direction as a result of the heat transfor;g
however, this offect may have been a result of the increased temperature of the heat transfor
specimens.

The CPP behavior of the candidato alloy is interesting in that the heat transfer was detrimental
only in the simulated J-13 well water, which was the least aggressive environment tostod. The
non-aggressivo behavior of the simulated J 13 well water can be attributed to the rotatively high
concentration of corrosion inhibitors, in comparison to aggressivo species such as chlorido. It
may be speculated that the detrimontal behavior of the alloys in the presence of heat transfer is
the result of concentration of the aggressive species at the metal surface. The inhibitors, such
as carbonatos or silicates, tend to be loss soluble than the aggressive species and thus would
be expected to achieve lower concentrations at the metal surfaco in the presence of heat transfer.

11.4 Effects Of Weldina On CPP Behavior

The effects of welding on the corrosion behavior of the four candidato alloys were ovaluated by
the CPP techn'que.- Each of the CPP tests was performed on cylindrical electrochemical
specimens ma;hined 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 for each of
the alloys and in one environment that promoted pitting and in one that promoted activo corrosion
of the wrought alloys.

The results of the research in simulated J-13 water showed that the copper-base welds 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 niching was observed around
bubbles that formed on the specimen during the test in simulated J 13 well water. Neither the
wrought twr welded specimens of Alloy 304L showed any attack in the simulated J-13 wcli water
environment.

Solution Number 7 was evaluated as it was found to be an activo-corrosion solution for the
copper base alloys and promoted pitting of the Fo Cr-Ni alloys. As previously discussed, Solution
Number 7 conuined 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 wolded Fe-Cr Ni or CDA Alloy 715. The welded A y CDA 102 specimens woro
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 j

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 unweided 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 nitrate, a low concentration of chloride, 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 .
attributable to scatter in the data, j

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.

!

,

I

F
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12. CONCLUSIONS

Based on the precoc'ing data and discussions, the following conclusions can be drawn:

The polarization behavior reported by Lawrence Uvormore 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 alloys, 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 regions 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 the corrosion behavior of the alloy-synthetic environment systems evaluated over the
limited temperature range of 50*C to 90*C.

Temperature gradients (heat transfer) were detrimental to the corrosion 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.

4
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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 to better define
the repository environment and the effects of radiation on the environment.

The CPP results from the screening test matrix nood to be used as guidelines to identify*

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 further.

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 hysterests
revealed only changes in the oxide and no pitting occurred. The atypical behavior of the
copper-base alloys warrants further testing.

In the temperature effect studies, Alloy 304L 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
to help assess the long-term corrosion behavior of this alloy.

Temperature gradients (heat transfer) were found to affect the corrosion behavior of all*

of the candidate alloys in simulated J 13 well water. Long-term testing of heat-transfer
specimens should be performed.

in the welding effect studies, welded specimens were prepared based on current*

recommended practices. It was our understaw.ang that in 1989, the DOE had not yet
preparea we.lding 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 welds needs to be performed.

In the studies performed to evaluate welded specimens, the welded copper-base alloys*

showed 'ess of a tendency to passivate t'an the wrought alloys in a solution that was
previously shown to promote pitting of the wrought copper base alloys. This bohavior
could lead to galvanic corrosion of the welds and warrants further study.
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TECIDJICAL JUST1FICATION
VELDING OF C10200 COPPER

|

C10200 is known as an '' oxygen f ree' or deoxidized copper alloy. It is nearly
pure copper, with a copper content of 99.5% or greater. The absence of oxygen
aids greatly in the weldability of this alloy, as it significantly decreases
cracking tendencies. Gas Metal Arc Velding (CHAV) is an ideal welding process
for joining this alloy, due to it's high deposition rate and cleanliness of
deposit. GMAV allows this alloy to be joined with little dif ficulty, with the
proper welding techniques and operators.

Due to the high thermal conductivity of copper, preheat is very important when
welding this alloy. The material must be preheated to the ten >perature indicated
on the welding procedure specification (VPS) in order to allow suf ficient time

for melting and solidification to occur. Actual velding mus', os done as quickly
as possible, however, to avoid any oxides that may try to f arm. This is a fine
balance which must be struck by the operator to obtait quality weldments.
Adequate gas coverage is also important, and the welding .>tocedure calls for a
50 cfh gas flow of argon or 75 argon - 25 helium. The addition of helium to the
shielding gas w!!! result in a greater heat input, which, in the case of this
highly conductive alloy, will again aid in melting and solidification. The
parameters chosen for welding, as given in the attached (VPS), are standard
industrial practice for welding this alloy, and with their application, good

,

wolds will be obtained.

s
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MATERIAL DESIGNATION: C10200 COPPER

!
!

WELDING GROOVE ,

PROCESS- GMAW CONFIGURATION i
i

HINIMUH I

- 60' [PREllEAT 500 F

S!!IELDING ARGON or |
'

GAS 75Ar 2511e ;
e !

h !WELDING '3
POSITION FLAT |.062' | |

FILLER | -[
|HETAL- ECu - 4.00* - =

I

-FILLER !

.DIA (IN) .062 (1/16)
WELDING PARAMETERS f

,

;

t
_

i

i
POLARITY ARC AMPS ARC VOLTS TRAVEL SPEED WIRE FEED SPEED }

,

24-28 340-360 12-15 ipm 220-240 ipm i
DCRP Aim (26-27) Aim (350) ~ Aim (14) Aim (230) |

-!

CUP TO WORK {
GAS CUP SIZE-(in) DISTANCE'(ln)- | TORCH FLOW |

;.

5/8 (min)' I/2 - 3/4 -50 CFH !

!

1

i

.

t
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TECHNICAL JUST!FICATION
VELDING OF C71500 CorFER-NICKEL

C71500 is a member of the copper-nicket alloy class. Gas Hetal Arc Velding
(CHAV) is conanonly used to join this alloy. The parameters given on the attached
Veld Proceduto Specification (VPS) are used throughout industry to make high
qus11ty welds. In order to study the corrosion properties of this particular

alloy (g' 'geldments), the most conroon parameters have been selected f rom various
sources to produce welds that will simulate industrial fabrication.

C71500 contains approximately 70% copper and 30% nickel. As the WPS shows, this
alloy does not require preheating, as many copper alloys norreally do. The
susceptibility of this alloy to forroing nickel cxides is great, therefore, arc |
and puddle shielding must be coroplete, and the interpass temperature requirement
must be closely observed. Prior to welding, the plates to be velded must be very
clean and f ree of foreign teaterial, dirt, gresses, etc. To avoid over
welding reust be done rapidly and a stringer bead deposition is preferredgating,The.

higher travel speed and the use of stringer beads will reduce the heat input of
the veld. The actual arc parameters (volts, amps, wire feed speed) have been
chosen to f acilitate a spray transfer mode of metal deposition, allowing for
greater control of the are, molten puddle, etc. Although these values are not
absolute, they provide the operator with good guidelines for making these volds.
If this WPS is followed, the resulting velds will be good models for the study
of corrosion.

I" Welding Copper and Copper Alloys, Gas Metal Arc Process", in T3
Procedure Handbook _o f Arc Weld 3 , (Cleveland, Ohio: The Lincoln Electric

Company, 1973), pp. 10.1-5 - 10.1-8.

2Howard B. Cary, ' Copper and Copper Base Alloys', in Modern Velding
Techniques, (Englewood Clif f s, New Jersey Prentice-Hall, Inc. ,1979), pp. 441-

446.

I'Velding Handbook", Vol. 4, " Metals and Their Veldability", American

Velding Society, Miami, Florida, p. 283.
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t,

,

IMATERIAL DESIGNATION: C71500 COPPER / NICKEL

!

WELDING GROOVE i

PROCESS GMAW CONFIGURATION j

HINIMUM i" "g' ;PRE!! EAT NOT REQUIRED
'

SitIELDING
GAS ARGON ,

-- i !

_f__
t

WELDING ,3 g.

POSITION FLAT |.062* g
FILLER |

4.00*-METAL ECuNi :=
;

_

FILLER ,

DIA (IN) .062 (1/16)
WELDING PARAMETERS ,

NOTE: MAXIMUM INTERPASS TEMPERATURE: 150 F

,

POLARITY ARC AMPS ARC VOLTS TRAVEL SPEED WIRE FEED SPEED t

:24-28 340-360 12-15 1pm 220-240 ipm
DCRP Aim (26-27) Aim (350) Aim (14) Aim-(230) *

_

CUP TO WORK ,

GAS CUP SIZE (in) . DISTANCE (in) TORCll FLOW {,

|

5/8-(min) 1/2 - 3/4 50 CFil
_

t

i

E

'
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TECID41 CAL JilST!FICATION
VELDING 0F 304L STAINLESS STEEL

304L is an austenitic stainless steel which can be readily joined using the Gas
Hetal Arc Velding (GHAV) process. 3041, is perhaps the easiest of the austenitic
stainless steels to weld due to it's decreased carbon content. The decrease in
carbon means that chrmnium carbides are less apt to precipitates therefore, this
material is more resistant to intergranular attack in the heat-af fected zone of
the veld (compared to 304). The material is not completely insouna to
intergranular corrosion, however, and it is, therefore, best to limit the I

temperature of service to 800'y or below.

When welding this alloy, preheat is not required or desired, since no benefits
are reallred. The temperature of the plates prior to welding must be at least

,

60'y. Since this alloy is slightly susceptible to sensitization, whenever
'

practical, the welds of this material should be post-weld heat treated, in a
temperature range above the sensitizing temperatures (165'y is a commonly used
temperature). As stated above, GHAW is an excellent velding process to use for
joining this material. Prior to welding, it is very important that the materials
to be welded are f ree of foreign material, dirt, oils, greates, etc.- Each bead
should be cleaned with a stainless steel wire brush to avoid inclusions in the
final weld. The inert gas shielding provides a very clean deposit, and has a
f airly low heat input. The attached Weld Procedure Specification (VPS) provides '

the operator with the most corumonly applied welding techniques. The spray mode
of metal transfer is the best way to weld this stainless steel. The parameters
chosen will have to be fine tuned to produce the most stable arc producing the
least amount of splatter, but once these settings are found, this VPS will
consistently yield good results.

The Broove configuration shown will allow the operator to complete this veld in
2-3 passes. Although the sketch shows no backup plate being used, it would be
wise to place a piece of copper or similar material beneath the root of the
groove in the event that blow-through should occur. Another method of avoiding
blow-through of the root pass would be to use the short-circuiting method of
metal depasit. This would, however, require a power supply with controls of
slope, voltage, and inductance. The shielding gas would also have to be changed
from 98Ar0 to a mixture of 901 helium, 7.51 argon, and 2.51 CO . Since the use

wilf increase the posalb!!!ty of carbide formation, this is not advised.of CO
2

As long as the operator is careful to weld the first pass with as low as current
as possible, while still maintaining good sidewall fusion, this will not be a
problem.

This alloy, along with all austenitic stainless steels, is suscoptible to severe
warpage and distortion. Tack welds should be placed twice as of ten as normal.
Eackstep, skip, and vandering techniques should be used, and welding should be
done using the forehand technique, giving the operator better visibility of the
fluid puddle. The gun should be moved back and forth in the traction of the
joint and, at the same time, moved slightly from side to side

,
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In general, this Vr3 represents industry-wide applications of CHAV, of 3041. ,

stainless stool, and w!!! produce good welds to use for corrosion testing. ',
!

l

| |

,

!

,

2Howard B. Cary, " Welding Stainless Steels", in Modern Velding Technique,s,
(Englewood Clif f s, New Jersey: Prentice-Ila11, Inc., 1979), pp. 421-425.
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MATERIAL DESIGNATION: 304L STAINLESS STEEL

WELDING GROOVE
PROCESS GMAW CONFIGURATION

HINIMUM
'g',PREHEAT NOT REQUIRED ,

!'
SHIELDING ARCON +
GAS 1-2% OXYGEN

_f_gWELDING ,3 .

POSITION FLAT |.062' | |

FILLER |
8 00*HETAL E308L '

FILLER I
DIA (IN) .062 (1/16) i

!

WELDING PARAMETERS !
!

POLARITY ARC AMPS ARC VOLTS TRAVEL SPEED WIRE FEED SPEED

300-350 24-30 15-17 1pm-
DCRP Aim (325) Aim (27-29) Aim (16) 200 ipm

CUP TO WORK ,

GAS CUP SIZE (in) DISTANCE (in) TORCH FLOW |
4

1/2 - 5/8 1/2 35 CFH

:

<

s

I
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TECHNICAL, JUSTIFICATION

VELDING OF INCOLOY 825

Incoloy 825 is a nickel-iron-chromium alloy specifically designed for use in
corrosive environments. It's high nickel content makes it very resistant to
stress-corrosion cracking, and this material can be welded without loss of this
property. It is preferred to weld this alloy in the annealed condition,
following by a heat treatment to relieve any sensitization which may have
occurred as a result of welding. The attached Veld Procedure Specification (WPS)
gives the parameters which are most widely used to produce weldments using the
Gas Hetal Arc Velding (GMAV) process. When velding this alloy, the operator must
attempt to limit the heat input to the veld (note interpass temperature on the
VPS). Several small stringer beads should be used rather than trying to fill the
joint as quickly as possible. A thin oxide layer may form during multiple-bead
welding, and this layer niust be removed for the veld to remain defect-f ree. If
the oxide layer is not removed, the completed weld may have several oxide

stringers along the jogt, as the melting point of the oxide is much higher than
that of the base r+etal This oxide layer is tenacious and cannot be removed.

by simple wire brushing, as this will merely polish it. These oxide layers
should be remove.1 when they are heavy enough to become visible. Removal of the
oxide layers is ar.complished by abrasive blasting or grinding. Abrasive blasting
is not very practical, so grinding is the simpler alternative. Also, the welding
plate should not be restrained in any manner to limit the level of residual
stresses resulting in the joint.

The attached parameters will allow the operator to veld using the spray mode of
transfer. This is the preferred method of joining the nickel-base alloys when
using the CHAV method. Prior to welding, however, the base met al and filler

material must be cleaned so they are f ree of any foreign material. Thisisgesingle most important f actor to consider when joining this class of alloys .

Vapor degressing solvents, alkaline cleaners may be used; however, their residues
must also be removed (hot water). If the welding procedure and the comments here
are followed closely, the resulting welds will provide good models for the
corrosion behavior of Incoloy 825 welds.

- 253 -
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WE1. DING OF INCOLOT 825

REFERENCES

I
lluntington Alloy Products Division, " Joining !!unt ingt on Alloys',

(lluntington, West Virginia Inco Alloys International, Inc., 1972).

I' Welding llandbook', Vol. 4, 'Hetals and Their Voldability", American !
Welding Society, H!arni, Florida, pp. 232-236.

,

I
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MATERIAL DESIGNATION: IllCOLOY 825

!
!

WELDING GROOVE ,

PROCESS CHAW CONFIGURATION |

HINIMUM .

80* '
l - PRE}! EAT NOT REQUIRED g

'
SilIELDING
GAS ARGON

tWELDING
POSITION FLAT |.062'

FILLER | |
6.00' - '

HETAL ERNi-Fo-Cr-1 +-

FILLER
DIA-(IN) .062 (1/16)

WELDING PARAMETERS j

i

NOTE: MAXIMUM INTERPASS TEMPERATURE: 200 F
,

~
,

POLARITY ARC AMPS ARC VOLTS TRAVEL SPEED WIRE FEED SPEED

275-325 26-30 15-18 ipm 200-225 ipm i

DCRP (Aim 300) (Aim 27-28) Aim (17) (Aim 215-220) ;

CUP TO WORK-
GAS CUP SIZE (in) DISTANCE (in) TORCil FLOW i

;..

1/2 - 5/8- 1/2 - 5/8 35-40 CFil '

NOTES: 1) ADJUST CURRENT AND VOLTAGE UNTIL SPRAY HODE OF
TRANSFER IS ACHIEVED.

2) ADJUST' VOLTAGE UNTIL A 1/4" (APPROX.) ARC LENGTH
IS OBSERVED. THIS WILL HELP HINIMIZE SPATTER. ,

3)- TO DECREASE HEAT INPUT, USE STRINGER BEADS, AND
WELD AS QUICKLY-AS POSSIBLE, WITHOUT SACRIFICING
WELD. QUALITY.

|
4) ALTilOUGH PREHEAT IS NOT REQUIRED, PLATE HUST BE

3 AT LEAST 60 F PRIOR TO WELDING.g
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APPDfDIX !

- CANDIDATE ALLOY COMPOSITI0tts
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.

! ' Table 11. Candidate Alloy Compositions Of Specimens Used For The Cyclica
Potent!odynamic-Polarization Tests In The Experimental Hatrix Andr

' Temperature Studies.

ELEMENT CDA 102 CDA 715 1825 304L

Cu 99.991 67.171 1.901 0.1901

31.781 43.981 8.871N1 -

0.461 26.901 BalanceFe -

22.701 18.221Cr - -

2.921 0.1701Ho - -

0.561 0.371 1.211Hn =

(0.011 .0.02% 0.0211C -

<0.011 0.004% 0.0231S -

0.011Zn - --

0.0261(0.011P --

(0.011Pb - ---

0.081 0.5201Si - -

0.061A1 -= =

1.071T1 -- -

Co - - = =

0.0661H - = =

i
.
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!

!

!

!

Table 12. Candidate Alloy compositions of Specimens Used For The lleat-Transf er
,

Studies. '

f.
,

ELEMENT CDA 102 CDA 715 1825 3041.
4!

Cu 99,991 70.241 1.801 0.411

29.101 39.841 9.211N1 -
,

0.451 31.171 BalanceFe -

22.111 18.511Cr = =
,

3.401 0.301Ho - -

0.02% 0.371 1.451Hn =

0.03% 0.0171C - -

i

(0.00041 0.0011 0.0041S -

r

0.061Zn - --

i

0.0261 |P - - -

'(0.011Pb - - -

0.331 0.681Si - -

0.071A1 = = -

0.881Ti - - -

Co - = = -

0.0341N - = =

i
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