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ABSTRACT

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the longnerm performance
of container materlats for high-level radioactive waste packages as part of the information needed
by the Nuclear Regulatory Commission to assess the Department of Energy's application to
construct a geologic repository for the high-level radioactive waste. The scope of work focused
on the Tuff Repository and employed short term techniques, such as electrochemical and
mechanical techniques to examino a wide range of possible failure modes. Long term tests were
used to verify and further examine specific failure modes identified as important by the short-term
studies.

Two classes of alloys were evaluat6d for use as container materials for the Tuff Repository; Fe -
Cr-Ni alloys and copper-base alloys. The candidate Fe-Cr Ni alloys were Type 304L Stainless
Steel (Alloy 304L) and incoloy Alloy 825 (Alloy 825). The candidate copper-base alloys were
CDA 102 Copper (Alloy CDA 102) and CDA 715 Copper 30 Nickel (Alloy CDA 715). The
corrosion testing was performed in a simulated J 13 well water and in solutions selected from an
experimental matrix from Task 2 of the program. This report summarizes the results of Task 4
(Pitting Studies), Task 6 (Other Failure Modes) and Task 7 (Long Term Exposures) of the
program.

Pit-initiation studies, performed in Task 4, focused on anomalous Cyclic Potentiodynamic
Polarization (CPP) behavior of the copper-base alloys reported in Task 2 of the program;
hysteresis in the CPP curve was, in many instances, associated with thick tamish growth on the
specimen and active attack beneath the tamish, as opposed to pitting. The results of these pit
initiation studies were consistent with the previously reported CPP behavior it was confirmed that
standard interpretations of CPP tests are not always appropriate in the presence of thick tamish
layers. On the other hand, pit-initiation studies performed on the Fe-Cr-Ni alloys confirmed that,
in general, the standard interpretation of the CPP curves appears to be accurate.

Pit propagation studies were performed on Alloy CDA 102 in Task 4 of the program. The results
of the experiments showed that the propagation rate of pits in Alloy CDA 102 may be limited in
the absence of oxidizing species such as H,0, However, H,0, is a chemical species that has
been shown to or. cur as a result of irradiation of the groundwater. Other oxidizing species also
will be present. These oxidizing species, if present in sufficient concentrations, will promote pit
propagation in AJIoy CDA 102.

Two types of galvanic corrosion. studies were performed in Task 6 of tne program; thermogalvanic
couples arvJ borehole liner-container interactions, in the thermogalvanic couples tests, the effect
of temperature variation on the surface of the container on acceleration of corrosion was-
evaluated for two alloys; Alloy CDA 102 and Alloy 304L The results of these tests indicated that
thermogalvanic corrosion may affect corrosion performance of the waste containers in the
presence of oxidizing radiolysis products. However, the major effect still appears to be an
increase in rates of attack (general or pitting corrosion) with increasing temperature as opposed
to a thermogalvanic effect.

iii
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in Task 6, borehole liner-container interaction studios were conducted to evaluate the galvanic
offects of metal-to-metal contact of the liner and container materials. Galvanic attack is normally
considered to be the accolorated attack of the less noble member of a dissimilar-metal couple.
However, evidence in the literaturo indicates that the less noble member of the couple can
promoto accolorated corrosion of the more noble member by creating an aggressive environment
in the crevico between the two alloys. Two borehole liner-container combinations were evaluated;
C1010 carbon steet/ Alloy 304L and Alloy 304t/ Alloy 825. In these tests, there was no evidence
of accolorated corrosion of the more noble member of the galvanic couple: The less noble
member of the couple consistently experienced galvanic cormslon. However,in the case of the
Alloy 304L/ Alloy 825 couple. the environment was not sufficiently aggressive to promoto
significant attack of Alloy 304L, which is necessary for the crevice corrosion mechanism to
operato.

Long-term Immersion tests were conducted in Task 7 of the program. The purpose of these tests
was to provide long terrn exposure data for evaluating the various modes of corrosion identified
in other tasks of the program, The tests were designed to assess the performance of the
candidato alloys at timos when the temperature of the repository is near the boiling point of water
and periodic intrusion of vadose water occurs. The tests woro performed at 90*C for 80 weeks
in simulated J 13 well water that was concentrated by evaporation. These tests differed from
those performod in Task 3 of the program in that ovaluation of the offects of concentration of salts
in the groundwater on corrosion behavior was included. Results Indicated negligible general
corrosion rates for Alloys 825,304L, and CDA 715 following eighty weeks of exposure. Alloy
CDA 102 experienced a general corrosion rate of 0.45 pm/yr in this environment. No SCC of U-
bend specimens of any c' the four alloys occurred, Alloy 304L and Alloy 825 exhibited no
evidence of localized corrtaon (pitting or crevice corrosion). However, some localized corrosion
was evident on specimens of Alloy CDA 102 and Alloy CDA 715. Comparison of the previous
results of the Task 3 exposures with the above results suggests that uniform concentration of
ionic species in simulated J-13 well water does not appear to be detrimental to the corrosion
behavior nf the candidate alloys, in the concentrated simulated groundwater, the corrosion rates
of the alloys also decreased with time.
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EXECUDVE SUMMARY

Cortest Columbus Technologies, Inc. (CC Technologies) investigated the long-term portormance
of container materials for high-level radioactke waste packages as part of the information needed
by the Nuclear Regulatory Commission to assess the Department of Energy's application to
construct a geologic repository for the high level radioactive waste. The scope of work focused
on the Tuff Repository and employed short term techniques, sucn as electrochemical and
mechanical techniques to examine a wide range of possible failure modes. Long-term tests were
used to verify and fyrther examine specific failure modes identified as important by the short-term
studies.

Two classes of alloys were evaluated for use as container materlats for the Tuff Repository; Fe-
Cr-Ni alloys and copper-base alloys. The candidate Fe-Cr-Ni a!!oys were Type 304L Stainless
Steel (Alloy 304L) and Incoloy Alloy 825 (Alloy 825). The candidato copper base alloys were
CDA 102 Copper (Alloy CDA 102) and CDA 715 Copper 30 Nickel (Alloy CDA 715). The
corrosion testing was performed in a simulated J 13 well water and in solutions selected from an
experimental matrix from Task 2 of the program. This report summarizes the results of Task 4
(Pitting Studies), Task 6 (Other Failure Modes), and Task 7 (Long Term Exposures) of the
program.

Task 4 - Pittina Studies

The objectives of the pitting studies were (1) to study the relationship between pitting parameters
derived from Cyclic Potentiodynamic Polarization (CPP) curves (the pitting potential (E ) and theg
protection potential (E,)) and long term pit initiation behavior, and (2) to evaluate pit-propagation
behavior. The pit initiation studies were focused on the copper-base alloys. Limited pit-Initiation
studies were also conducted with the Fe-Cr-Ni alloys.

The earlier CPP studies, performed in Task 2 of the program, suggested that the conventional
interpretation of CPP curves is not appropriate for the copper-base alloys studied; Alloy CDA 102
and Alloy CDA 715. Hysteresis in the CPP curves was not always associated with classical
pitting. In many instances, hysteresis in the CPP curves was associated with thick tamish growth
on the specimen and active attack beneath the tamish.

In the Task 4 pit-initiation studies, the relationship between the long-torm pitting behavior and the
electrochemical parameters was assessed by potentiostatic-polarization tests. The tests were
performed in simulated Tuff repository environments selected from a statistically based testi

| solution matrix designed in Task 2 of the program. The specimens were polarized over a range

| of potentials between the free-corrosion potential (E.) and E and the relationship between theg
corrosion morphology and potential was determined.

Results of the potentiostatic tests, performed on the copper-base alloys, were consistent with the
'

behavior observed in the Task 2 CPP tests. When specimens were potentiostated for long
periods of time at potentials within the hysteresis loop, the morphology of attack of the specimens
was similar to that observed in the CPP tests. It also was generally observed that, in
environments that promoted tamish growth, the potentiostatic current decreased with time. On
the other hand, in environments that promoted pitting, the potentiostatic currents generally
remained at high values during the testing. This behavior is consistent with the morphologies
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observed. The high stable potentiostatic currents are indicative of high rates of pitting or general
attack while the decrease in currents with time is consistent with passivation or the growth of thick
tarnish layers,

A limited number of pit-Initiation studies was also conducted with Alloy 304L and Alloy 825. In
general, the results of the Task 2 testing of the Fe-Cr-Ni alloys conformed with a conventional
interpretation of the CPP curves; namely the occurrence of hysteresis in the CPP curves
corresponded with localized corrosion (either pitting or crevice corrosion) on the specimens.
Several instance were noted in the Task 2 studies where slight hysteresis in the CPP curves at
noble potentials was associated with thin tamish film growth as opposed to pF. ting.

The potentiostatic tests on the Fe-Cr Ni alloys were performed in solutions that exhibited both
types of behavior; namely hysteresis and pitting and hysterests at noble potentials and tamish
growth, in some cases, pitting and crevice corrosion occurred in the potentiostatic tests where
only tarnishing was evident in the CPP tests. Thus, the conventional interpretation of the CPP
tests was accurate. However, there were a few instances where no localized corrosion occurred
in the potentiostatic tests even though slight hysteresis was present in the CPP tests. These
interpretation problems with the CPP curves for the Fe-Cr Ni alloys may be only of academic
interest since the slight hysteresis, which was associated with tarnishing, generally occurred at
very noble potentials. This is in contrast to the copper base alloys where the hysteresis occurs
at potentials near the free corrosion potential,

in the pit-propagation studies, exposures of simulated pits were used to assess the rate of pit
propagation as a function of pit dopth. The results of previous studies have confirmed that pits
readily initiate in the copper-base alloys in the Tuff Repository environments. Accordingly, for a
copper container to provide adequate containment, it must be demonstrated that the rates of pit
propagation are low in comparison to the thickness of the container wall.

Four pit propagation experiments were performed with Alloy CDA 102 at 90"C in a solution
(Solution Number 22) that was shown to promote pitting of that alloy in previous CPP tests. The
propagation rate of pitting with this alloy-environment combination was assessed by
electrochemical and gravimetric techniques. The pit-propagation experiments utilized a small pit
specimen placed inside of a larger specimen (BES specimen) at a variable depth. The resulting -
pit cavity was filled with a corrosion product paste and the two specimens were galvanically
coupled. Both 1:2 and 1:5 pit diameter to-depth ratlos were evaluated in these experiments.
Hydrogen peroxide (H,0 ) and potentiostatic polarization were used to stimulate pit propagation3

in several of the tests.

The results of the experiments indicated that the propagation rate of pits in Alloy CDA 102 may
be limited in the absence of oxidizing species such as H,0,. However, H,0, is a chemical species
that has been shown to occur as a result of irradiation of groundwater. Other oxidizing species
also will be present. These oxidizing species, if present in sufficient concentrations, will promote
pit propagation in Alloy CDA 102. Sufficient testing was not performed to well characterize the
kine'ics of propagation but the limited testing performed suggests that rates will decrease with
depth.

-2-
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! Tack 6 - Other Failure Mod _es

Galvanic corrosion studies were conducted in Task 6 of the overall program. The purpose of
| Task 6 was to explore failure modes that are likely to produce accelerated attack and lead to

premature failure of the waste container. Two possible galvanic corrosion modes were
Investigated in this task: Thermogalvanic couples and borehole liner container interactions.

For a single container, it is likely that a temperature differential will exist from one portion of the
surface to another. This temperature differential will produce a potential distribution on the
container surface that can result in a differential cell couple similar to a galvanic couple of
dissimilar metals. This "thermogalvanic couple" may accelerate the corrosion rate of that portion
of the container having the more negative potential. The focus of this subtask was to estimate
the accelerating offect of thermogalvanic couples on the corrosion rate of Alloy CDA 102 and
Alloy 304L.

In the experiments, an unheated (isothermal) spccimen was electrically coupled to an intomally
heated (heat-transfer) specimen. The galvanic current flow between the two was monitored as
a function of time. Periodically, the spedmons wore uncoupled and the free corrosion potential
and polarization resistance of each specimen were measured.

The results of these tests indicated that thermogalvanic corrosion may affect corrosion
performar.co of the waste containers in the presence of oxidizing radiolysis products. The
direction of the galvanic effect may be different, depending on the alloy environment system
examined. Considering the two alloys evaluated; the corrosion attack of the cooler (isothermal)
specimen of Alloy CDA 102 was consistently accelerated by the thermogalvanic effect. On the
other hand, for Alloy 304L, the heat-transfer specimen generally experienced accelerated attack
as a result of thermogalvanic corrosion. However, the major effect still appears to be an increase
in rates of attack (general or pitting corrosion) with increasing temperature, as opposeo to a
thermogalvanlc effect.

Borehole liner-container interaction studies were conducted to evaluate the effects of metal-to-
metal contact of the liner and container materials. The initial designs for the Tuff Repository
proposed Alloy 304L and carbon (or low alloy) steel as the container and liner materials,
respectively. The focus was later shifted to Alloy 825 and Alloy 304L as the container and liner
materials. The purpose of these liners is to facilitate retrieval of the waste containers over a 50-
year period following their emplacement. For the current repository design, it is probable that the
liners and containers will be in direct contact, resulting in possible galvanic attack.

Galvanic attack is normally considered to be the accelerated attack of the less noble member of
a dissimilar-metal couple. However, evidence in the literature indicates that the less noble
member of the couple can promote accelerated corrosion of the more noble member by creating
an aggressive environment in the crevice between the two alloys.

The actual experimental procedure was similar to that used in the thermogalvanic experiments.
Sandwich-like specimens of the coupled materials were used; the specimens were electrically
isolated using PTFE spacers. The coupled potential and galvanic current flow between the two
specimens was monitored as a function of time. Periodically, the specimens were uncoupled and
the free-corrosion potentials a.nd polarization resistance of each specimen were measured.

-3-

-



. _ _ _ _ - _ - -.

Galvanic experiments were performed with the C1010 carbon steet/ Alloy 304L couple in simulated
J 13 well water at 90*C with and without the addition of 1000 ppm Cl. Galvanic experiments also
were performed with the Alloy 304tJAlloy 825 couple in simulated J 13 well water and in Solution
Number 10 at 90*C. Solution Number 10 was chosen from the experimental test matrix based
on CPP behavior. These CPP curves showed a large hysteresis loop, and pitting, for Alloy 304L
while no hysteresis or pltting attack occurred for Alloy 825.

In these borehole liner-container interaction tests, there was no evidence of accelerated corrosion
of the more noble member of the galvanic couple: the less noble member of the couple
consistently experienced galvanic corrosion. However, in the case of the Alloy 304L/ Alloy 825

|
couple, the environment was not sufficiently aggressive to promote significant attack of Alloy

[ 304L, which is necessary for the crevice corrosion mechanism to operate.

Task 7 Lona Term Exposures

Long term Immersion tests were conducted in Task 7 of the program. The purpose of these tests
was to provide long term exposure data for evalenting the various modes of corrosion identified
in other tasks of the program. The tests were designed to assess the performance of the
candidate alloys at times when the temperature of the repository is near the boiling point of water
and periodic intrusion of vadose water occurs. These tests differ from those performed in Task
3 of the program in that evaluation of the effects of concentration of salts in the groundwater on
corrosion behavior were included. The tests were performed on the four candidate alloys in 4

simulated J 13 well water at 90*C over a period of 80 weeks. During the exposures, the solutions
were allowed to evaporate and new solution was added on a weekly basis. The experiments
included constant strain (U-bend) specimens to evaluate SCC, weight-loss specimens, and non-
destructive electrochemical techniques. The electrochemical techniques included porlodic
potential and polarization resistance measurements.

Corrosion rates, calculated from weight-loss measurements, after 23.8 weeks (4000 hours) of
exposure, were less than 0.2 pm/yr for each of the alloys except Alloy CDA 102, which had a
corrosion rate of 1.11 pm/yr. After 80 wooks, Alloys CDA 715,304L and 825 all exhibited
corrosion rates of less than 0.005 pm/yr; whereas, Alloy CDA 102 exhibited a corrosion rate of
0.45 pm/yr. No SCC was evident on any of the U bend specimens of tho four alloys. Alloy 304L
and Alloy 825 also exhibited no evidence of localized corrosion (pitting or crevice corrosion) in
the exposure tests. However, some localized corrosion was evident on specimens of Alloy CDA
102 and Alloy CDA 715. The latter alloy experienced shallow etching while Alloy CDA 102
experienced deep etching, up to 32 pm, and shallow pitting,10 pm in depth.

Comparison of the previous results of the Task 3 exposures with the above results suggests that
uniform concentration of ionic species in simulated J-13 well water does not appear to be
detrimental to the corrosion behavior of the candidate alloys. In fact, the more concentrated
groundwater appears to be less aggressive, from the standpoint of general corrosion, than the
dilute simulated J-13 well water. These data also indicate that corrosion rates decreased with
time. Although very low corrosion rates were obtained, these tests do not fully simulate actual
repository conditions because f actors such as of rock-water interactions, radiolysis, and Interaction
of the groundwater with species from failed containers were not considered.

-4-



-w -aJ

I

l

1. INTRODUCTION

The Department of Energy (DOE) is conducting a program for the disposal of high-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's
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, CC Technologies was>

awarded a contract to investigate the long-term performance of container materials used for high-
level waste packages. At the direction of the NRC, the program focused on the Tuff Repository.
The scope of work consisted of employing relatively short term electrochemical techniques to
examine a wide range of possible failure modes, Long term tests (12 years) were used to verify
the short-term studies.

This report summarizes the results of pitting, ;alvanic, and long-term corrosion studies on two
copper base alloys (Alloy CDA 102 and Alloy CDA 715) and two Fe-Cr Ni alloys (Alloy 304L and
Incoloy Alloy 825) in simulated J-13 groundwater and otner simulated solutions for the Tuff
Repository. These other solutions were designed to simulate the chemical effects resulting from
boiling and irradiation of the well water.

The primary focus of the pitting studies was to characterize pit initiation and pit propogation of the
copper-base alloys. Limited pit-initiation studies were also conducted with the Fe-Cr-Ni alloys.
The galvanic corrosion studies examined the effects of temperature differentials, which will exist
along the canister after emplacement, on corrosion behavior. Other galvanic studies investigated
the corrosion behavior resulting from borehole liner container Interactions. The long-term
immersion studies explor6d the effects of weekly bolling and concentration of species in simulated
J 13 well water at 90*C over a period of 80 weeks on corrosion behavior of each of the four
alloys.

|
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2. BACKGROUND THE TUFF REPOSITORY ENVIRONMENT

2.1 Nominal Environment

| The Tuff repository will be located in the Topopah 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 not 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 feldspar plus quartz or cristoballte. Zeolitization produces hydrous silicates by reaction !

of the glassy material with groundwater. A typical stratigraphy of the tuff at the NTS is shown in
Figure 2.1. A more detailed description of these tuff layers is found in Johnstone 1981.

The potential repository horizon is in the lower, densely welded and devitrified pcrtion of the
Topopah Spring Member located 700 to 1400 feet above the static water table. The bulk rock
at the horizon is composed of rhyolite with a small range in composition as shown in Table 2.1.
This 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 well is
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 available 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
j 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 called

for locations below the static water table whero conditions are deaerated (anoxic).

A second feature of the location of the repository above the water table is the elimination of the
i hydrostatic head on the waste container. At the repository elevation, the boiling point for water

is about 95*C, and thus the environment at "le waste package surface will be steam and air
during the early life of the repository.

,

-7-
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Table 2.1 Percentages Of Major Constituents in Topopah Springs Tuff, Drill Core USW
GU 3, Samples 60,61 And 62. Fe,0 Represents Total Iron (Schuraytz 1985).3 4

i

Conettuent {F00b 40 ' "38f! I4 Y 8ti M , fhM . |$N@
SiO, 78.4 78.9 78.9 78.73 0.24

Al,0 12.0 12.3 12.2 12.17 0.123

Fe,0 1.016 0.973 1.000 0.996 0.018-3

iCa0 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,0 4.07 3.92 4.25 4.08 0.13

K,0 3.71 3.18 2.94 3.28 0.32

P,O, 0.01 0.01 0.03 0.02 0.01

MnO 0.0624 0.0455- 0.0488 0.052 0.007

:

..
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2,1.1 Thermal Effects
.

The repository is being designed for two types of waste packages; spent fuel and processed
defense high level waste in the form of borosilicate glass. The spent fuel will have the highest
thermal 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 histories 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 modo 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 e 300 year period following
emplacement.

These elevated temperatures should exdude 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
during periods of liquid water movement through the repository.

1,

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 PTFE lined (polytetrafluoroethylene) autoclaves. Rapid shifts in chemistry occurred
with crushed rock as opposed to wafers because of the higher surface area with the former.
Changes in solution concentration at 90 C were minor; whereas, more pronounced shifts occurred
at 150'C. Results obtained by Knauss 1985 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' (Al), magnesium (Mg) and calcium
(Ca) decreased with tims while that of potasslum' (K) was not greatly affected by thermal
interaction; the pH decreased very slightly.i

Another consequence of the elevated tempera.% in the repository will be the bolling of
groundwater in the vicinity of the waste packarp Ns will lead to the concentration of the
species, both beneficial and deleterious, in the g;+JndWater. 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 bolling. 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 es SO '', NO'', Ca'* and K' exhibited a maximum in concentration after only a few4

months which suggests the precipitation of compounds such as CaSO., etc.
|

|- The concentration of the species in the 10X J 13 well water also increased with exposure time
| In these tests. Although the magnitudes of the increases were smaller than those observed for .

|
'Both aluminum and potassium exhibited initial transient increases in concentrations.

- 10 -



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

!

,

;

I
.

|-

0

5

| 1 I i | -I4

E commercial High Level
300 Waste (CHLW)

~ '-

g
a g i

9 s Spent Fuel.- PWR '

< ,
.

| \ ,

j,j200 \' . Spent Fuel - BWR !
- ~

~- ,

%**% % g ''' * - . . i

,'~~~~~__. , >- ,
__

100 - - .

-

i
! Defense High Level Waste (DHLW)

| I I 1 I
'

-0 .

0 50 '100 150 200- 250 300

L Time after_ emplacement (yests)
|
| i

Figure 2.2- Cornparative Canister Surface Ternperature Time Profiles For Different Waste ;

Packages in A Tuff Repository (Vertical Emplacement, 50 kW/ acre Areal-
'

Looding) (McCright 1984), _ '

II - - )

,

W _ow-,we -rw o -- w ,w-wv,w m=w -.m- - er ~wvn+~ ,-v----w--



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

i-

; i
, ,

4 i
1 ,

t,

I

!
'

I
s .

.

1

1
;

i 1

! i
1.:

i i
'

!
I

i -[,

: .

,,
i i

i
-

4 i
n ,

i ;

i !
1

1

<..

, , i i i i4

; too -- i
>

1

: - ,o
" ,,,,

4 -
'

t4

|
"

: 14e ,,,.,-O'''',,,,-
-

;

!
.

i 1

>

1 "-
tan4

; /
Y

f-
t' .

73, _i: 3
i I

;

4
-

: =

I | i

1

g ,-.o.
,,, ,. .._.-.-.o. . .-.- O" ito

,.

-

-

; ao
,-

L m o -- - - .- - - ;
$

.

u . o . .-..-.-. ., ,

y _.
,

t

;

-l'-) g. - | -- .
'g *

.

o. : so . no en
-

i

Tia. Nevil ,

Figure 2.3- . Silloon And Sodum Concentrations in J 13 Well Water Reacted With Crushed
G 1 Material At 150*C As A Function of Time in Days (Knauss 1985a). -

i
,

t

12 -

-. i
.!

- ,,__._.,,-J-

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



_ _ _ _ _ _ _ _ _ _ _ _ - -

20 - , , ,, , i

is pH e a

Ca=+***********************
1e -

g , 9 _ _._ __ _

M . y -.: :*--..-

nn,. k . .... -

F

12 12.0-

\to 1s.s-

\g,s s.o -. -

r,. ---.--------- -.

.%. :.4.::.:.:.we u:::.: ':",' ,,,.w.e t.
'

sa.-
.

41 4.o-

i

N2 u-

5ft.:. =.: _- =rdi-1-===*.M ', .*
'. A

EM*, :'.*,.:: - L.- . A,
-

, , , -
o- to - de to-

Time (alsys)

Floure 2.4 Aluminum, Potassium, Calcium, Magnesium, And pH Analyses From J 13 Wet
Water Reacted With Crushed G 1 Material At 150T As A Function Of Time in
Days (Knauss 1985a),

13 -
c .

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



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

|

|
|

Table 2.2 Chr,nical Composition Of Test Solutions At The End Of Corrosion Tests (pg/ml)
(Undiluted And Filtered Solution)(Abraham 1986),

t

-
'

,

..,16 TIsnee Cone.-
, ,

.'. ..L -;
c.

Reference Synthous"#13 Water AttWater.

e J 13f , 340s. 6440, ' 1 W. : $40s.' S400.. c ikW. -
. Grounductor Test . iTest; That: ? 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

Sn'* 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

CI' 7.5 130 236 161 330 211 260

522 672NOi 5.6 460 750 482 -
,

SO/' 22 820 552 588 1300 1260 976
'

SiO, 61 414 451 458 408 486 400
i

pH at room 8.5 8.4 9.0 9.3 8.4 8.9 9.3
'

i temperature

'N.D. - Not datormined
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the J 13 well water, the actual final concentrations of the spodes in the tests with the 10X J 13
well water woro higher than those in the standard J 13 well water. As in the J.13 well water,
maximum concentrations woro obsorvod for some spectos in the boiling 10X J 13 well water after
a few months.

2.1.2 Radiation Effogia

Relatively littio research has boon performed on tho influence of the radiation field on the
environment in the Tuff repository. On the other hand, a number of articles discuss, in general
terms, the anticipated role of radiation in a!!oring the repository environment while research on
the offects of radiation on water and dilute aqueous solutions is (nuch more extensive. As
described by McCright 1984, the highest icWis of radiation will occur on emplacement and the
lovels will begin to decay. The radiation of interest with regard to container corrosion will be
gamma radiation. Interaction of the gamma radiation with eithJ the container or the host rock
is eJso expected to be rninimal. 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 environment will consist
of air and water vapor during the time period when radiation levels will be high.

Radiolysis products expected in the molst air system are not well established. Some
experimental research regarding the temperature effects on radiolysis products has been
performed by Van Konynonburg (1986) and others. Their research Indicates that, above 135*C,
the dominant species are NO, N,0, and O,. Between 120* and 135*C, NO,, N,0,, H,0, and O,
are the dominant products, while below 120*C, the most abundant products are HNO, and H,0
with small amounts of O,.

In liquid water at high radiation lovels, small amounts of nitrates and nitrites will also be produced.
However, the simultaneous presence of liquid water and high radlavon fields are possible only
intermittently during porlods of liquid water movoment through the repository.

Glass (1985 and 1986) rovlowed the literature and performed electrochemical studies in irradiated
J 13 well water. These studios concluded that the primary effect of radiation of J 13 well water
is to produce the dominant oxidizing species 0, and H,0, with smaller concentrations of O', and
still smaller concentrations of HO,. Irradiation of water containing CO, or HCO, with O, was feund
to produce carboxylic acids (formic and oxalic).

Studios focusod on the effects of radiation on water and dilute aqueous solutis ns concluded that
a host of tra<.ont radicals, lons, and stable molecular species is created by gamma radiation.
Sorne of those spectos are as follows: H , -OH, o'aq, H,O', OH', H,, H,0,, O,, Of and HO,.
While those speclos only considor the breakdown of the water molecule, many other species are
generated by reactions with other spechs in the groundwater.

- 15 -
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2.2 Simulated Environments

,2.2.1 Simulated J 13 Well Water

in Task 2 of this program, Cyclic Potentlodynamic-Potartzation (CPP) tests were performed in
simulated and actual J 13 well water (Tuff groundwater). The purpose of these tests was to
reproduce and verify the polarization behavior observed by McCright at Lawrence Uvermoro
National Laboratory and to establish that the simulated J 13 well water produced similar corrosion
behavior to the actual Tuff groundwater, To reproduce the behavior observed by McCright
(Figure 2.5), the following test conditions woro used: Actual J 13 well water, a scan rate of 3.6
Whr, temperature of 80*C, aorated conditions, and an initial exposure of I 2 hours prior to
performing the CPP tost. The potentiodynamic polarization technique is discussed in more
detallod in Appondix A. The J 13 well wMor used in this subtask of the NRC program initially 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 watet was used in most
other tasks. This simulated J-13 well water was previously developed by Batto!!e Memorial
Institute. The composition of the simulated J 13 well water is given in Table 2.3.

The results of experiments performod for Alloy CDA 102 under the above conditions in simulated
J 13 well water and actual in J 13 well water are shown in Table 2.4 and Figures 2.6 and 2.7,
respectively. The curves are similar, with slight differences in the polarization parameters of E.,
E,,, and I (corrosion curtont). Repotition of those experiments verified the similarities. 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 2.5. The above results produce two important findings that are critical to the remaining
work performed in this project:

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

; (2) The experimental procedures used for the NRC project are capable of reproducing the
polarization behavior observod at Lawrence Uvormoro National Laboratoiy under similar
lost conditions.

2.2.2 Selected Simulated Environments
t

in Task 2 of the program, a statistically based experimental test matrix was formulated in an offort
to ovaluate the influence on corrosion of the possible range of environmental variables that may
occur over the life of the canister. The major difficulty encountered in designing these synthetic
test solutions is in defining the goochemistry and the actual environments to which the canister
will be exposed. The J 13 well water is probably the most dilute environrnent that can be

; expected within the Tuff Repository since bolling of the groundwater and its interaction with the
host rock at olevated temperatures will tend to concentrate most species. The presence of the
radiat!on fleid will generato new spocles, such as nitratos, carboxylic acids and hydrogen

16 -
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mV/s) Produced By McCright (McCright 1985)..
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Table 2.3 Chemical Composition Of Simulated Tuff Groundwater And J 13 Well Water From
Yucca Mountain, Nevada (For Comparison).

Emdrenmentud , AchelChemloel |J 13'. Simulated'#13$1
vertende uese ea - ppm ' ppm -

4

Na' NaHCO, 44.0 46.0

K' kcl, KF 5.1 5.5

Mg'' MgCl, . 6H,0 1.9 1.7
|

Ca'' Ca(NO ), . 4H,0, CaSO, . %H,0 12.5 12.0 |3

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.

N O.- Ca(NO ), . 4H,0 9.6 12.4

SO,'- CaSO,e%H,0 18.7 19.2

pH 7.6 7.010.2

TDS 291.5 290.3

'Knauss,1985

(Beavers,1987

The pH adjustment was accomplished by bubbling carbon dioxide through the solution.
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Figure 2.6 Polarization Curve For Alloy CDA 102 in Simulated J 13 Well Water At 80'c
Following A One Hour initial Exposure (Beavers 1988)
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peroxide. Those spooles that are not volatile also may concentrate at be surface of the canister
as a result of the combination of boiling and radiation.

The test matrix of simulated environments was designed as a screening rnatrix to identfy,

important spooles, or regions of the environmental foolor spaos, with respoot to corrosion of the
container materials, where additional research is needed. Each Individual test solution represents
Indv6 dual points within the factor space. While it is not known whether these spoolfic
environments will be encountered, the maximum conoontrations of the m$rity of the species
within the solutions are thought to be reasonable, based on a thorough review of the literature
(Beavers 1990). Further details of the Task 2 studies are given in Appendx B.

Table 2.5 gives the compositions of the synthetic test solutions used in the Task 2 studies.
Several of these solutions were used in the Task 4,6, and 7 studies summartzed in this report.--
The selection of a spoolfic composition was based primar#y on the CPP behavior observed in
Task 2 as opposed to the constituents in the solution or the likelihood that a spoolfic composition
would exist in the repository.

1
i

,
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Table 2.5 Compositions Of Solutions in The Experimental Test Matrix From Task 2 (Beavers -
,

,' 1989).

m

N DW8 L2 %
,

00 0 K W - .J ,W f ,
L ., M D

| Tee *, ..w.
# # 11( IIQ In M k M p@' ?AW 4 4 $b a

"

1 2.2 0.4 200 1000 1000 200 200 0A 0004 000M 041 0 5 90 5

2 22 2000 200 1000 1000 0 0 0D04 0.004 0.4 to 172 5 50 5

3 215 0.4 0 04 02 1000 200 0 04 OSH 0.8 2.0 0 30 50 5

4 215 2000 044 02 1000 0 200 0.004 0.004 000M 0 01 172 30 90 $

$ 2.2 0.4 200 02 02 0 200 08 0A 0.8 041 172 30 50 $

i 6 2.2 2000 200 02 02 100 0 0404 0A 0.00M 24 0 30 90 5
~

7 215 0.4 0 04 1000 02 0 0 OA 04 0.0004 24 172 5 90 5

; 8 215 2000 Ob4 1000 02 200 200 0.004 OA 08 041 0 5 50 5

i 9 22 0.4 0 04 1000 0.2 200 200 0404 0404 04004 24 172 30 -50 10

3 10 22 2000 0 04 1000 02 0 0 04 0.004 08 021 0 30 90 10

4 11 215 0.4 200 02 02 200 0 ODN 0.004 0.8 041 172 5 90 10

12 215 2000 200 0.2 02 0 200 02 0.004 0.00 % '24 0 $ $0 10'

13 2.2 0.4 0.N 02 1000 0 200 0.0N 08 0.4 24 0 5 90 10

14 22 2000 0.M 02 1000 200 0 03 04 000M OSI 172 5 50 10 ,

15 215 0.4 200 1000 1000 0 0 0.004 OA 04004 041 0 30 -50 i 10 |
,

| 16 215 2000 200 1000 1000 200 200 04 0A 08 24 172 30 90 10

17 215 2000 044 02 02 0 0 0.004 04 0.8 to 172 30 50 to

18 215 0.4 OD4 0.2 02 200 200 0A 04 0.0004 0.01 0 30 90 10 ,

19 22 2000 200 1000 02 0 200- 0.004 0A ,,004 0 01 172 5 90 10
,

20 2.2 0.4 200 1000 02 200 0 0A 0A 0.8 24 0 $ 50 10 .

J 21 215 2000 004 1000 1000 200 0 0.004 0.004 0.0004 2.0 0 5 90 10 .

22 215 0.4 004 1000 1000 0 200 OS- 0404 0.8 041 172 5 50 10
;

'

23 22 2000 200 02 1000 200 200 0.0H 0.004 0.8 0.01 0 30 50 10

24 22 0.4 200 02 1000 0 0 0A 0.004 0.0004 24- 172 30 90 - 10 i

i 25 215 2000 200 02 1000 0 0 0A 04 0.8 0.01 0 5 90 - 5 ;

26 2.2 0.4 200 02 1000 200 200 0.ON 03 0.00M 24 172 5 50 5

27 2.2 2000 0.04 1000 1000 0 200 0A 0A 04004 to 0 30 50 5

28 2.2 0A 044 1000 1000 200 0 0.004 04- 0.8 041 172 30 90 5'

29 215 2000 200 1000 0.2 200 0 OA 0.0% 0.00M 0.01 172 30 50 5'

30 215 0.4 200 1000 0.2 0 200 0.0N 0.004 0.8 2.0 0 30 90- 5

31 22 2000 0 44 02 0.2 200 200 0A 0.004 0.8 to 172 5 90 5

32 21 04 Ob4 0.2 0.2 0 0 0404 OA 0.00N 041 0 5 50 5

33' 108 500 50 250 250 50 50 02 02 0.2 1.3 43 15 - , 70 - 75

| 34' 108 500 50 250 250 50 50 0.2 .02- 02 1.3 43 15 70 75 ,

,

'
35' 108 500 50 250 250 50 50 02 02 0.2 1.3 43 15 70 7.5

36' 108 500 50 250 250 50 50 - 02 02 0.2 1.3 43 15 70 73
,

371 64.2 121 1.7 6.4 12.4 0 0 12 1.7 0 0 0 0 90 74 ,

2 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 10'

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 vater containing 1000 ppm Cl ,

,

.n. ,

.
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3. PITT1HG-CORROSION STUDIES

Pitting corrosion studios were conducted in Task 4 of the program. The purposes of thoso
studios were (1) to study the rotationships betwoon the pitting parametors E and E,,a and long-
term pit inillation behavior, and (2) to evaluate pit propagation behavior. gThe focus of the pit
initiation studios was to verify the CPP technique used in Task 2 of the program. DOE also
utilized a potentlodynamic-polarization technique to assess the likelihood of pit initiation in
simulated Tuff repository environments. It was assumed that,if E. Is far away from E,,, and E ,g
pitting is unlikely to initiate in a given environment.

The relationship between long term pitting behavio, and the electrochemical parameters was
assessed by means of potentiostatic polari:ation tests. Specimens were polarized over a range
of potentials betwoon E, and Eg and the relationship between the time to pit initiation and
potential was dolormlned. These tests were perfonned on the candidate container materials at
90*C in simulated Tuff environments solocted from Task 2.

In the pit-propagation studios, the propagation ratos of pits in Alloy CDA 102 wore assessed by
means of cloctrochemical and gravimetric techniques. The results of previous studies have
confirmod that pits readily initiate on the copper base alloys in Tuff repository environments
(Boavors 1991b, McCright 1985). Accordingly, for a copper container to provide adequato
containment, it must be demonstrated that the rates of pit propagation are low in comparison to
the container wall thickness. In this subtask, pit-propagation experiments wore performed on
Alloy CDA 102 in Solution Number 22, an environment identified by CPP tosts in earflor studies
as likely to promoto pitting. The pit-propagation experiments involved exposures of simulated pit
specimens which permitted cloctrochemical and gravimetric measuromonts of the rate of pit
propagation as a function of pit depth.

3.1 Pit-Initiation Studies

The pit initiation studios were conducted with all four of the candidato alloys in soveral synthetic
solutions selected from the Task 2 studios. The focus of this rosearch, however, was primarily
orlontated toward the coppor base alloys. In the rosea ch on copper, the various forms of
localized corrosion observed after CPP tests were compared with the morphology of the attack
obsorved over longer periods of time at a constant potential. Thosu earlier CPP studios,I

'

performod in Task 2 of the program, suggestod that conventional methods of interpretation could
not be used to analyze the polarization behavior of either Alloy CDA 102 or Alloy CDA 715.
Hystorosis in the CPP tests of these alloys was not always associated with classical pitting,t

| Ropetition of several of those tosts confirmed the anomalous behavior. As a consequence, the
term pitting potential and protection potential woro replaced by the term breakdown (EJ and
ropassivation (E,,) potentials, respectively.

A limited number of pit initiation studios were also conducted with the Fo-Cr Ni alloys utilizing the
potentiostatic-polarization technique. Current wasto package designs for the Tuff Repository
specify relatively thin-walled containers (Sito Characterization Plan,1988). Thus, if pits initiate,
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container failure by pitting corrosion may occur within a relatively short period of time.
Accordingly, the resistanco to pit initiation is critical for the adequato parformance of an FoCr Ni

! contalner. The DOE is utilizing electrochemical techniques to assess the probability of pit
initiation for stainless stools in simulated Tuff Repository environments. The critical polarization
paramotors used in the evaluation are E., Eg, and E,. The assumption is that if E. Is far
away from E,,,, ard E,,, pitting is unlikely to initiate in a given onvironment.

3.1.1 Experimental Approach

in the potentiostatic-polarization studios, the experimental equipment, test cells, and specimen
geometry woro identical to those used in the cyclic-potentlodynamic-polarization experiments
performed in Task 2 of the program and outlined in Appendix A. In the potentlostatic testing, the
specimen was polarized to a presolected potential by starting at the free corrosion potential and
polartzing it in approximately 50 mV increments and allowing 30 to 60 seconds between each
stop. This procedure provided a fairly rapid polarization up to the selected potential, at which
point th|s solected potential was maintained constant for some porlod of time, up to a maximum
of 72 hours. In sovoralof the tests, the specimens woro potentlostated after scanning to a higher
potential on the forward scan and then reversing the scan to a lower potential. The selected
potential on the reverso scan was then hold constant for some period of time. The current was
monitorod as a function of timo and the weight loss of the specimen was measured at the end
of the experimont. The data woro then plotted and superimposed on the previously determined
CPP curve as shown in the examplo in Figure 3.1. Actual data for the potentiostatic experiments
are presented as a horizontal lino drawn at the constant potential maintained throughout the
experimont. The current density is noted at the start of the experiment by a black dot, and at the
end of the experiment by the tip of the horizontal arrow. The duration of the potentiostatic-
polarization tost is also noted on each plot. The current density based on the post-examination
weight loss measurement is indicated by a vertical arrow. A current density, based on weight
loss, which falls within the range of currents measured during the potentiostatic test Indicates
qualitative agrooment betwoon wolght loss and the electrochemical current measured for the
specimon.

3.1.2 Copper Base Allqya

Potontlostatic testing was porformed with Alloy CDA 102 in soven different synthetic solutions
selected from the experimental matrix (Solutions 1,9,10,13,20,23, and 30 from Table 2.5). In
all of those solutions, the CPP curves exhibited hysteresis, but optical examination revealed the
absence of pitting. Five other synthetic solutions woro evaluated with Alloy CDA 715 in which the
CPP tests resulted in either pitting or act've attack in the absence of pitting (Solutions 14,15,24,
28, and 38 from Table 2.5). The results of the potentiostatic tests superimposed on the CPP
curvos of the copper base alloys are given in Appendix C. The results of the testing is also
presented in tabular form in Tables 3.1 and 3.2 for Alloy CDA 102 and Alloy CDA 715,
respectively.
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Table 32 Cycre PeiunGodynam:c Polanzabon Data And Da4 For Potenbostatic Tests Of A3cy CDA 715 in Selected Synthebe
Envronments.

gw | gyp m g , * y, _ mg g m ,^ 7-
__

"Je Y., M s4 4% peessanng 'aggel Fleal
~ ''

Ents '? 1 4 Ac A:

soeuman @ felt % M puesmaus cassess omssens omsseur imme Vr J* +

ise9 v,sca y,sce v,sta y,sca V,sCE smA4un' nWWouf anMusP house
~ ~

--

14A +0240 +0240 +0.020
-0.112 +0349 3.1o x ta* sssx ?r 4.1s x tr.

CPP: Pleng and exide grownti.- - - - - -

15.7 PSP: No pttng,locapy severe achve- - -

anack.

148 - - - -0208 +0399@ s.12x tv s so x to* 352 x tv 6.1 PSP: Pitbng, severe local cm

15 -0.160 +0200 -0200 - - - - - - CPP: No penng, acive areas.
,

- - - -0.130 +0.125@ 124 x if 9 03 X 10* 104 X 1C 41.8 PSP. Piemg, severe acave corrossort.
to

7 24 -0.100 4.140 -0.180 - - - - - - CPP: Plang.tameshed.
- - - +0.112 +0226 531 x 1C <t.o x to* a od x to' 41,7 PSP- Few pits, acave anack.

28A -0.050 +0200 -0.020 - - - - - - CPP: No peng. acsve aback.
- - - -0.159 +0200 121 x ir 3 4s x to* 12s x 1C 41.0 PSP- Plaing,ackwe anack.

288 - - - -0.153 +0200@ a s7x to* 1.10 x to' 7.es x iod 41 2 PSP: No psthng. acDve attack.

38A -0.400 -0.040 -0280 - - - - - - CPP: Local chip in onde, local actrve
anack.

0.132 -0.040 4.4s x to* 1.14 x to* 2.9s x to' 37.9 PSP. No peng, local acave M_ __

388 - - - -0.173 -0.040 @ 1.2s x 1r s so x to* s.ssx to' 373 PSP: No peng, severe achve anack.
f

* Current calculated from actual weight loss. @ Polarized on the reverse scan.
CPP: Caipikwi foliomng cyclic-posenbodyname-pol iaGeri. . PSP: Caipuori folioeng potenbodynamic-polanzaben.
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These figures and data indicate that a wide range of behavior was observed for both of the
copper base alloys. An interesting series of curves is shown for Alloy CDA 102 In Solution
Number 10 in Figuros 3.2 through 3.4. Figure 3.2 shows Alloy CDA 102 in Solution Number 10
potentiostated to 150 mV (SCE) on the forward scan. The current at the start of the potentiostatic'

_

test is similar to that observed in the CPP test, but decreases with time to very small values. This
behavior is not unusual for a passive afloy in which the passive current decreases with time.'

Figure 3.3 shows Alloy CDA 102 in Solution Number 10 potentiostated on the reverse scan to 1503

mV (SCE). The current is relatively high at the start of the potentiostatic test, but decreases
significantly over time to a current value similar to that measured in Figure 3.2 for Alloy CDA 102
potentiostated on the forward scan. From conventional Interpretation of the CPP curve, which
shows a repassivation potential of about 70 mV (SCE),it would be predicted that the current on<

the reverse scan at +150 mV (SCE) would remain high and pits would propagato. However, the
decrease in current of the specimen whose data are shown in Figure 3.3 is contrary to this
conventional Interpretation. In offect, the ropassivation potential must be more positive than the
+150 mV (SCE) potontial used in this test.

,

Figuro 3.4 shows the data for Alloy CDA 102 in Solution Number 10 potentiostated on the reverse .

scan to +350 mV (SCE) (200 mV more positive than the potential used in Figure 3.3). In this l

caso, the curront romalnod relatively high and severe locally activo corrosten occurred on the
specimon. The short time period used in the potentiostatic tost shown in Figure 3.4 as compared
to those data previously shown in Figuros 3.2 and 3.3 does not alter this finding, since the curtont
in all casos was permittod to stabilize. In conclusion, the CPP curve for Alloy CDA 102 in
Solution Number 10 predicted classical passivation and pltting corrosion. In reality, no pitting was
observod, only sovoro locally activo attack. This same behavior was observed with Alloy CDA
102 in all of the other synthetic solutions that were ovaluated, with the exception of Solution
Number 23. In the case of Solution Number 23, the specimen was potentiostated 50 mV above
the breakdown potential and optical examination revealed pitting and savoro activo attack
following the potentlostatic test. No pitting was observed following the original CPP test.

Fivo synthetic solutions woro ovaluated v th Alloy CDA 715 and their data are prosented in
. Two of the fivo environments evaluated, Solution Number 14 and SolutionAppendix C.

Number 38 (simulated J 13 well water containing 1000 ppm chlorido as sodium chlorido),
exhibitod rather unusual behavior, and are discussed in more dotall below.

Figures 3.5 and 3.6 show the data for specimens of Alloy CDA 715 potentiostated to 349 mV
(SCE) and 399 mV (SCE) in Solution Number 14 on the forward and reverse scans, respectively.
For the caso of the specimon potentiostated during the forward scan (Figure 3.5), the current
significantly increased with time. An overall increase of the current with time was also observed
for the specimon potentiostated on the reverse scan, in Figure 3.6, the horizontal arrow Indicates
an increase in current during the first 159 minutos of exposure followed by a decrease in current
to the point when the specimen was removed at 392 minutes. Severe attack occurred on both
of the specimens potentiostated in Solution Number 14.

Although no pitting was observed on the specimen potentlostated on the forward scan, pitting was
observed on the specimen potentlostated on the reverse scan, it would appear that thu actual
breakdown potential for this alloy-onvironment system llos above 350 mV (SCE). which is 110 mV
(SCE) higher than the breakdown potential predicted by the CPP curve

- 28 -
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F60uros 3.7 and 3.8 show the data for specimons of Alloy CDA 715 potentiostated to -40 mV
(GCE) in Solution Number 38 (simulated J 13 well water containing 1000 mWI Chloride) on the
forward and the reverse scans, respectively, in the case of the specimen potentiostated on the
forward scan (eigure 3.7), the initial current at the start of the potentiostatic experiment is
significantly greator than the current for the CPP experiment at the dame potential. This
difference in current is most likely due to the difference in scan rates between the CPP curvo and
the much fastor scan rate usod to stop the potential to the desired value in the potentiostatio
experimont. Comparison of Figures 3.7 and 3.8 shows that the final cunont densities obtained
wore very similar for the two tests. The somewhat greater current density predicted from wonght-
loss measutomonts for the specimon potentiostated on the reverso scan is cortalnly due to the
much higher currents during the initial portions of the potentiostatic tests.

In both casos, the wolght loss measutomonts appear to be qualitatively in agroomont with the
curronts measurod during the tests. Much more sovoro attack was observod for the specimen
whoso data are presented in Figuro 3.8, but pitting was not observed in either caso.
Consequently, this illustratos that, even during long term oyperiments, as compared with CPP
tests, pitting doos not necessarily develop although hystorosis is observed in the CPP test. It
should be noted, howevnt, that the active attack observed in the post test examination was
somewhat localized and occurrod bonoath a corrosion product layer.

Specimons of Alloy CDA 715 testod in the other throo synthotic environmonts exhibited some
dogroo of pitting in conjunction with areas of activo corrosion. Also, qualitativo agreement was
observed betwoon woight loss data and the currents measured during the potentiostatic tests.
The diffotont behavior observed for the potentlostatic tosts makes long term predictions difficult
from the CPP curvos. In Solution Numbers 24 and 28, the significant decrease in current may
indicato a docreaso in pit propagation ratos with time,

in summary, it has boon firmly established that hyttorosis in CPP curves for Alloy CDA 102 and
CDA 715 does not always correspond with classical pitting, but corresponds with local activo
corrosion. This active corrosion occurred most often boncath an oxide or corrosion product layer
that covered tho entiro specimen and the rato frequently docreased with time. Thus, standard
interpretations of the CPP tosts are not appropriato for coppor and coppor nickel clloys, especially
in the prosonco cf thick oxido layers.

3.1.3 Fo-Cr Ni Alloys

Potentlostatic testing was performed with Alloy 304L in flvo different synthetic solutions selected
from the experimental matrix in which the CPP curves exhibited slight hysterosis, but optical
examination revealod tamishing and the absence of pitting (Solutions 2,5,15,24, and 27 from
Table 2.5). Four other synthetic solutions woro ovaluated with Alloy 825 in which the speelmen
exhibitod olther pitting with crevice attack or tamishing in the absence of pitting in the CPP tests
(Solutions 4,6,18, and 34 from Table 2.5). The results of the potentiostatio tests superimposed
on the CPP curves of the Fo Cr Ni alloys aro Olven in Appendix D. The results of the testin0 are
also presented in tabular form in Tablos 3.3 and 3,4 for Alloy 304l.' and Alloy 825, respectively.
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Table 33 Cyclic Potentiodyname Polarizaton Data And Data For Pctentiostatic Tests Of Alloy 304L in Se',ected Sywebe
Envronments.
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CycCc Potectiodynamic Polanzation Data And Data For PotentiostaSc Tests Of Anoy 825 In Selected SynttwrbcTable 3.4
Environments.

.
-

,

POTBffMBTATE N N
.

E-.,...
, ,. . ^ ' ~ - -

-.2/A 5CPP,6 ~. w;
"Y' all g

'--
.

"d 'f A '4_"
'*

? ~-
-

h5 _N ;_ @
,

C~ S ''|gk paamanami Currem Cursom * hgi %enhannum
.

N*--

49PldVMW. _ _ __ V,___ VM :V, SCE snWest" seWsus' rfi *^: t S h~
- p

CPP: No peng, sight tammlung, no
4 4.030 4.750 +0.750 - - - - - -

hyssentsis.

4.263 4.800 338 x 1a' s 93 x to' 19o x 13' 24.8 PSP: No pinirq. no attack.
- - -

CPP: No peng. imi4+3, hysteresas. )-

- - - - - -

6 -0.400 4.650 4.530
-0.103 +0.800 420xto' 1asyto* 72sxto' 64.8 PSP: Crevice attack.

;
- -

CPP: Pimng,enmce attack, sight- - -

18 +0.135 +0.135 +0.090 - - -*

hysseneses.
a

4.135 4.500 4 ss x to' 3.13 x to* 133 x 1o' 283 PSP- No peng, no attadk.*
- - -

CPP- No piteng. heavy 1.i44
34 +0.100 +0.850 +0.720 - - - - -. --

N
+0.191 +0.800 a.s7 x to' 2.90 x 1o* O ' J.1 , PSP: SEght arack at enmce..

1- - -
1

* Current calculated from weight-ioss. 3 Polanzed on the reverse scan.
CPP: Desenpbon foBownng cyclic-potentiodynamic-polarization. PSP: Desenpbon follovnng potenbodyname polarcabort

_ __



. __ _
. -

I

When considering all of the CPP curves performed on the Fe-Cr Ni alloys on the program, the
conventional Interpretation of the CPP curas (namely, that hysteresis in the CPP curves is
associated with loutllzed corrosion of the speo' men) was accurate for the vast majority of the
work. However, the tests performed in this subtask demonstrated instances where the
interpretation of the curves was not always straightbrward. - Some of the curves, e.g., Alloy 825

,

in Solution 4 (Figure 3.9), exhibited high anodic currents in the CPP curves yet there was )
negligible corrosion on the specimen. The most probable explanation for this behavior is that

.

non Faradalc (noncorrosion) redox reactions occurred in the solution during the test. This I

interpretation is consistent with the significant decreases in the anodic currents that occurred with
exposure time in the potentiostatic tests, in several Instances, e.g., Alloy 304L in Solutions 2
(Figure 3.10), 24, and 27, a small hysteresis loop at noble potential was associated with
tarnishing in the CPP tests, as opposed to localized corrosion, of the specimen. In these
solutions, localzed corrosion also was not observed in the potentiostatic tests and significant
decreases in the potentlostatic currents with exposure time occurred.

In other cases, e.g., Alloy 304L in Solution 15 (Figure 3.11), or Alloy 825 in Solution 6 (Figure
3.12), similar CPP behavior was observed (hysteresis with tarnishing and no localized corrosion)
but localized corrosion occurred in the potentiostatic test. Thus, the standard interpretation of the
hysteresis was accurate. These Interpretation problems with the CPP curves may be only of
academic interest since the slight hysteresis, which was associated with tamishing, generally
occurred at very noble potentials. In any case, they point to the !.ced to carefully interpret the
CPP curves and to factor a post-test examination of the test specimen into the analysis. These
analysis problems also are not unique to these alloy-environment combinations, having been
observed by the authors for other alloy environment systems.

3.2 Pit Propacation Studies

'

Pit propagation studies were conducted with Alloy CDA 102 in Solution Number 22. an
| environment identified by CPP tests in earlier studies, as likely to promote pittirg. The

composition of Solution Number 22 is given in Table 2.5 and the CPP curve is shown in
Figure 3.13. The pit-propagation experiments involved exposure of simulated pit specimens
which permitted electrochemical and gravimetric measurements of the rate of pit propagation as

'

a function of pit depth. The purpose of these experiments was to determine if the rates of pit
propagation would be low in comparison to the thickness of the container wall.

.

3.2.1 Experimontal Approach

The pit-propagation experiments were performed in a glass electrochemical cell illustrated in
Figure 3.14. A more detailed view of the specimen is illustrated in Figure 3.15. Both the Boldly
Exposed Surface (BES) specimen and the pit specimen were wet-abraded to 400 grit SIC,
cleaned, measured, degreased, and weighed prior to assembly. Layers of polytetrafluoroethylene
(PTFE) tape were wrapped around the pit specimen to isolate it from the inside of the BES
specimen. The pit diamete: typically measured 3.18 mm (0.125 inch) and the pit depth varied
up to a maximum of 15.9 mm (0.625 inch), gMng a diameter-to-depth ratio of 1:5 (aspect ratio)
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for most of the experiments. An aspoct ratio of 1:5 is considered to be an extremely deep pit and
was used to bound the pit depth parameter,

in all but one experiment, the pit cavity was filled with a corrosion product paste to create an
occluded cell and accelerate the pit-Initiation process. The corrosion product paste was produced
by anodically polarizing an electrochemical specimen of Alloy CDA 102 +200 mV from the free.
corrosion potentialin Solution Number 22 at 50*C for forty eight hours. The corrosion products
were filtered from the test solution and dried. Just prior to each experiment, the dry corroclon
product (or cuprous oxide, as used in one experiment) was mixed with Solution Number 22 to
form a paste. This paste was packed into the pP cavity. Excess paste was removed from the
top of the BES specimen with distilled water and a cotton swab.

The specimen assembly was inserted through the bottom of a glass electrochemical cell (Figure
3.14) and sealed with hea' shrink tubing. The test cell was filled with the electrolyte and
deaerated with nitrogen for twenty-four hours to fully deaerate the pit while heating to 90"C.
During this time, the pit and BES spedmens were electrically uncoupled. After twenty-four hours,
an atmosphere of 95% N, + 5% 0, was introduced into the cell. The potential of each specimen
was measured with respect to a saturated calomel electrode coupled (SCE) and both the pit and
BES specimens were electrically coupled through a Zero Resistance Ammeter (ZRA). During the
experiments, the BES specimen was exposed to the test electrolyte while the galvanic current
flow bc; ween the pit and BES specimen was monitored continuously through a ZRA and recorded
on a strip chart or data acquisition system. Each day, the coupled potential was measured with
respect to a calomel reference electmde. Periodically, the pit and BES specimens were
uncoupled and the corrosion potential of each specimen was measured with respect to a calomel
reference electrode,

in each of the experiments, the potential of the pit was more positive than the potential of the
BES rpecimen initially, and the coupled current reflected this polarity, in an attempt to initiate and
propagate pitting,200 ppm hydrogen peroxide (H,0,) was added to the electrolyte. Hydrogen
peroxide was chosen as It has been established as a radiolysis product that may occur in the Tuff
Repository. In several of the experiments, the pit specimen was cathodically polarized or the BES
specimen anodically polarized to maintain the potential difference. With each of the H,0,
additions, a rapid dedine in potential occurred as the H,0, degraded.

At the conclusion of the first experiment, the potential distribution down the pit cavity was
measured with a microcapillary Luggin probe. Gravimetric measurements and optical
examinations were performed on both the pit and BES specimens following all of the experiments
with the exception of the test using the cuprous oxide paste.

Weight losses on the specimens were measured using the interval weight-loss procedure
described in ASTM G-1; This technique involved the attemate descaling of the specimen in an
inhibited acid and weighing until the visible corrosion products were removed. Weight loss was
plotted as a function of descaling time as shown schematically in Figure 3.16. Generally, the
specimen weight changed rapidly as the scales were removed but much more gradually when
only metal was removed. This behavior is exhibited graphically as a change in slope to the y-
axis, as shown in Figure 3.16. As a verification of the technique, an unexposed control specimen
was included in all descaling measurements. The true weight losses were then converted to
corrosion rates, in pm/yr, by dividing the weight loss by the density, the specimen surface area

r
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and the test time and converting the units. This corrosion rate was then compared to the
corrosive rate hs a result of galvanic coupling.

3.2.2 Results

A summary of all four of the pit propagation experiments performed with Alloy CDA 102 exposed
to 90'C Solution Number 22 is illustrated in Table 3.5. A discussion of each of these experiments
is presented in further detailed below. The initial two tests were performed to verify the
experimerital set-up and procedures and to help identify an appropriate packing paste,

in Test No.1, a pit diameter of 3.18 mm set at a depth of 15.9 mm gave a diameter-to-depth ratio
(aspect ratio) of 1:5. The resulting pit cavity was filled with the corrosion product paste described
above. Prior to co'spling the specimens through a ZRA, the potentials of the pit and BES
specimens were measured. The potential of the pit ( 28 mV (SCE)) was found to be more
positive than the potential of the BES specimen (-154 mV (SCE)). The coupled current later
reflected this polarity which suggested that the BES specimen was corroding preferentially to, and
reducing the corrosion rate of the pit specimen. However, the coupled currents were small,
approximately 0.3 pA.

Over the next seventy-two hours, the gatvanic current flow was monitored and, periodically, the
pit and the BES specimen were uncoupled and the potential of each specimen was measured.
During this period, the potential of the BES specimen shifted in the noble direction, while the
potential of the pit shifted in the negative direction, reducing the potential difference between the
two specimens. However, the relative polarity of the specimens remained the same and the
galvanic current remained very low. This behavior suggests that, in the absence of hydrogen
peroxide (H,0,), the pit did not propagate in this experiment.

After three days of testing, 200 ppm H,0, was added to the electrclyte. The H,0, addition
produced an anodic current peak which decreased as the H,0, decayed over the subsequent few
hours. Hydrogen peroxide was added dally for the next seven days and similar behavior was
observed. A typical current transientis given in Figure 3.17. After each of the H,0, additions, the
current became slightly negative by the subsequent day and the uncoupled potentials also
indicated that the pit specimen was slightly more noble than the BES specimen.

Prior to the last H,0, addition, and at the conclusion of the test, a microcapillary was placed down
the pit and the potential gradient was measured with the pit and BES specimen coupled.
Figure 3.18 illustrates the coupled potential gradient as a function of pit depth both before and
after the addition of H,0, These data shows that, in the presence of H,0,, a 100 mV (SCE)
potential gradient existed down the pit; whereas, no gradient existed prior to the addition of H,0,.
The presence of the gradient indicated that significant current was flowing from the pit following
the H,0, addition. The noble shift in the potential value between the two plots at the base of the
pit (12 mm depth data) in Figure 3.18, indicates the extent that the pit was anodically polarized
by the H,0, addition. The first pit-propagation test was terminated after 404 hours of exposure
and gravimetric measurements were performed. The results of the measurements and the optical
examination data are given in Table 3.5. These data indicated general corrosion rates of 205
pm/y and 19.9 pm/y fer the pit and BES specimens, respectively. The high corrosion rate of the

.
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pit was consistent with the large anodic current transients observed with the ZRA and
dernonstrates the role of H,0, in promoting and accelerating pit propagation. 1

The second pit-propagation experiment with Alloy CDA 102 also was performed in Solution
Number 22. In this test, the 1:5 aspect ratio was retained, but a packing paste of reduced copper -
oxide (cuprous oxide, Cu,0) mixed with the test electrolyte was used. The Cu,0 was chosen to
simulate thpqricalon product in a reduced state. At the time, the assumption was that the paste j
used in the first experiment may have been too oxidizing, and prevented the pit from propagating
in the absence of H,0,.

.

Initially, the potential of the BES specimen ( 147 mV (SCE)) was more negative than that of the
pit specimen ( 116 mV (SCE)). For the first eight days of the experiment, the potential of the BES
specimen remained more negative and the galvanic current was not measurable, in an attempt
to promote pit propagation, the pit was cathodically polarized to 800 mV, with respect to the BES
specimen, for approximately 16 hours. Upon recoupling the specimens, the galvanic current
produced an initial transient which rapidly dropped back to a low current of 0.02 pA. The
equivalent of 200 ppm H,0, was added to the electrolyte daily over the next seven days, but had
an insignificant offect on the galvanic cunent. The test was terminated after 16 days.

Optical examination of the specimens following the exposure revealed no evidence of attack of
the pit or BES specimens. The Cu,0 packing paste was dry and powdery inside of the pit cavity
at the end of the test. The hydrophobic nature of the Cu,0 resulted in a very hard, dry paste
which effected a very high resistance and ultimately inhibited galvanic current flow.

The third pit-propagation experiment with Alloy CDA 102 was performed in Solution Number 22
with the 1:5 aspect ratio. The corrosion product paste originally used in the first experiment was
used. As before, the initial potential of the BES specimen ( 47 mV (SCE)) was more negative
compared to that of the pit specimen (+4.0 mV (SCE)). After deaerating the solution for 24 hours,
the pit was cathodically polarized 500 mV with respect to the BES specimen for almost 24 hours
in an attempt to reverse the polarity. This procedure was effective initia!!y, but, within three days
the galvanic current reversed polarity. This behavior indicated that the BES specimen had again
become more negative in potential. The galvanic current also decreased rapidly after the pit
specimen was removed from the potentiostat and coupled through to the ZRA. Galvanic currents
remained very low (0.007 pA) over the next eight days in the absence of H,0,, which Indicated

1

; that, in the absence of H,0,, the pit did not propagate.

After 11 days of testing, the equivalent of 200 ppm H,0, was added to the test electrolyte to
promote pit propagation. The H,0, produced an anodic peak which decayed over the subsequent
few hours. Hydrogen peroxide was added daily for the next 18 days and similar behavior was
observed. As in the first experiment, the galvanic current retumed to near zero in a relatively
short period of time. This behavior suggested that the oxidizing power of the H,0, was insufficient
to sustain pit propagation over long periods of time because of its rapid degradation.

The corrosion potentials of the pit and BES specimens were compared with the polarization
parameters obtained from the cyclic-potentiodynamic-polarization curve previously illustrated in
Figure 3.13. This comparison was made in an attempt to explain the current transient and pit-
propagation behavior. Prior to each H,0, addition, the corrosion potentials of both specimens
were found to be below the breakdown potential, E. (+60 mV (SCE)), and the repassivation, E,
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(420 mV (SCE)) for Alloy CDA 102 in Solution Number 22. Figure 3.19 illustrates the change in
the coupled potential over time following an addition of H,0,. Daily additions of H,0, onh
temporarily increased the coupled corrosion potential above E., but thn potentials ovelined too
rapidly to have any lasting effect,

in a final attempt to propagate the pit, the BES specimen was anodically polarized in 50 mV
(SCE) increments daily until the coupled potential was well above E.. After three days of
potentiostatic polarization at +150 mV (SCE), the BES specimen was disconnected from the
potentiostat. When the specimens were no longer polartzed, the potentials and gatvanic current
again started to decrease, but with a more gradual decline as compared with the declines
observed after H,0, additions. No H,0, was added during this final seven-day period. Figure 3.20
litustrates the effect of the potentiostatic polarization on the corrosion potential. Removal from
the potentiostat is clearly visible in this figure by the immediate rapid decline in potential at.1658
hours and the subsequent tapering off over time.

Figure 3.21 illustrates the effect of potentiostatic polarization on the galvanic current. The sharp
downward (anodic) spikes occurred as a result of the incremental polarization steps. The current
declined rapidly after the first potential step. The second potential step from (0.0 mV (SCE) to
50 mV (SCE)), after 22 hours, caused the pit to propagate as illustrated by the sharply negative
current values. The third potential step appeared to have little effect on pit propagation. The final
increment in potential from (100 mV (SCE) to 150 mV (SCE)), which is above E,, propagated the
pit for some time before the currents started to decrease slightly. The very slow change in
galvanic current following potentiostatic polarization (after 168 hours) suggested that the pit
continued to propagate on its own, but eventually stopped after almost 400 hours.

The third pit-propagation experiment was terminated after 1197 hours of exposure. The results
of the weight loss measurements and optical examination data for both specimens was previously
given in Table 3.5. The results of the measurements indicated corrosion rates of 42.3 pm/y and
8.0 pm/y for the pit and BES specimens, respectively. Optical examination revealed heavy
etching and a few shallow pits on the top of the pit specimen. Very shallow pit-like areas were
also visible inside the pit cavity. These data are consistent with the galvanic current
measurement and indicate that pit propagation had occurred.

The fourth and final pit-propagation experiment with Alloy CDA 102 performed in Solution Number
22 used an aspect ratio of 1:2 to help evaluate the effects of pit depth on pit propagation. The
pit cavity was filled with the corrosion product paste used in the previous experiment. As in the
previous tests, the initial potential of the BES specimen ( 155 mV (SCE)) was more negative than
that of the pit specimen (-67 mV (SCE)). After approximately 90 hours of exposure, the BES
specimen was anodically polarized in 50 mV increments from the coupled potential until the
coupled potential was above E . The galvanic current was allowed to stabilize between each
potential step. Figure 3.22 Illustrates the effect of potentiostatic polarization on the corrosion
potential. Removal from the potentiostat is clearly visible by the immediate drop in potential at
431 hours. Unlike in the previous test, the coupled potential dropped slightly below the voltage
prior to potentiostatic polarization.

Figure 3.23 illustrates the effect of potentiostatic polarization on the galvanic current. The sharp
downward (anodic) spikes occurred as a result of the incremental polarization steps. Each of
these steps is illustrated by solid black symbols on the figure. The first and second potential
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steps caused the pit to propagate as shown by the very slow change and decline in the galvanic
current over time. However, the third and fourth potential steps appeared to have little effect on
pit propagation. Comparison of Figures 3.21 and.3.23 shows that, in the test having the -
shallower pit (1:2 aspect ratio), larger galvanic currents resulted from polarization than in the
previous test which had the deeper pit. The potentiostatic current was also monitored and is
presented in Figure 3.24. These data show that each positive potential step resulted in a
transient anodic spike from the BES-pit couple.

The fourth pit propagation experiment was te'rminated after 473 hours of exposure. Tte results
of the weight loss measurements and optical examination data for both specimens are given in
Table 3.5. The results of the measurements indicated corrosion rates of 286 pm/y and 41 pm/y
for the pit and BES specimens, respectively. The high corrosion rate for the pit is consistent with
the large anodic current transients observed and optical examination of the specimens .The top
surface of the pit specimen was heavily etched following the test. The BES specimen was twavily
etched on the upper surface and showed deep pits inside of the pit cavity in the area exposed
to the corrosion product paste,
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4. GALVANIC-CORROSION ST1) DIES

Galvanic corrosion studies were conducted in Task 6 of the program. The purpose of these tests
was to explore galvanic corrosion failure modes that are likely, according to current knowledge,
to produce accelerated attack. This attach may lead to the premature failure of the waste
container. Two modes of failure were identified for examination in this task: Thermogalvanic
couples, and borehole liner-container interactions.

4.1 Thermoaalvanic-Couples Experiments

For a single container, it is likely that a temperature differential will exist from one portion of the
surface to another. This temperature differential will produce a potential distribution on the
container surface that can result in a differential cell couple similar to a galvanic couple of
dissimilar metals. This "thermogalvanic couple" may accelerate the corrosion rate of that portion
of the container having the more negative potential. The focus of the subtask was to estimate
the accelerating effect of thermogalvanic couples on the corrosion rate of Alloy CDA 102 and
Alloy 304L No thermogalvanic couples experiments were performed with Alloy CDA 715 or Alloy
825. Cyclic-Potentiodynamic-Polarization curves for the alloy-environment systems examined in
this task are given in Appendix E.

4.1.1 Experimental Approach

The thermogalvanic-couples experiments were performed in a glass electrochemical cell
litustrated in Figure 4.1. In each of the experiments, an unheated (isothermal) specimen was
electrically coupled to an intemally heated (heat-transfer) specimen. A more detailed view of the
heat transfer specimen is illustrated in Figure 4.2. Each of the specimens was wet-abraded to
600 grit SIC, cleaned, measured, degreased, and weighed prior to testing. The heat-transfer
specimen was inserted through the bottom of the electrochemical cell and sealed with heat-shrink
tubing. The isothermal specimen was inserted through a port in the top of the cell. The test cell
was filled with the electrolyte so that both specimens were entirely exposed to the solution to
prevent vapor-phase attack from altering the results. The desired atmosphere was introduced
into the test cell and the electrolyte was slowly heated to 80*C The heat-transfer specimen was
intemally heated to 90 C by a cartridge heater.

The potential of each specimen was measured with respect to a saturated calomel electrode
(SCE) and both specimens were electrically coupled through a ZRA. After approximately 24
hours of exposure, the temperature of the electrolyte was lowered 10*C. The temperature of the
electrolyte continued to be lowered by 10 C every one to two days until a final temperature of
50*C to 55*C was reached. The heat-transfer specimen was maintained at 90*C during this time.
The galvanic current density as a function of temperature differential was measured continuously
by a strip-chart recorder or a data acquisition system.
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During the experiment, the coupled current flow was measured continuously. Each day, the
coupled potential was measured with respect to a calomel electrode. Periodically, the two
specimens were uncoupled, and the corrosion potential of each specimen was measured with
respect to a calomel electrode.

After one week of exposure, daily additions of 200 ppm hydrogen peroxide (H,0,) were begun and
the changes in potential were monitored. Near the end of the tests, the specimens were
uncoupled and the polarization resistance (PR) of each specimen was measured both before and
after the addition of H,0,. In the actual PR measurements, the specimen potential was scanned
between 20 mV (SCE) and +20 mV (SCE) of the free-corrosion potential and the ensuing current
was monitored. The tangent to the E-l plot at the free-corrosion potential is the PR value. The
PR value was corrected for ohmic potential drop in the solution between the tip of the Luggin
probe and the specimen by means of an AC measurement technique.

The polarization resistance values were converted to corrosion rates Using the Stern-Geary
Equation;

0, 0, 1

*" " 2.3 (8, + 0,) PR (41)

and Faraday's Law The constants B, and B, are the anodic and cathodic Tafel slopes,
respectively, which,an: linear portions of the potentiodynamic polarization curve. Since few
polarization curves exhibit good Tafel behavior, our standard procedure is to obtain the Tafel
constants by drawing tangents to the polarization curve at over-potentials of +75 and 75 mV from
the free-corrosion potential. A typical analysis is shown in Figure 4.3. The polarization curves
used were obtained from the Task 2 CPP studios.

At the conclusion of the experiments, gravimetric measurements and optical examinations were
performed on both specimens. Weight losses on the specimens were measured using the
interval weight loss procedure described in ASTM G-1. This technique involved the alternate
descaling of the specimens in an inhibited acid and weighing until the visible corrosion products

| were removed. The weight losses were then converted to corrosion rates, in pm/yr, by dividing
the weight loss by the density, the specimen surface area and the test time and converting the
units. Thme results were compared with the corrosion rates calculated from PR measurements,

and those as a result of galvanic coupling.

The coupled current provides a measure of the accelerated corrosion due to coupling and
L provides a measure of the total corrosion rate, depending on the amount of polarization provided

by the couple. Typically, if the more negative specimen is polarized 50 mV or more in the
positive direction due to coupling, the coupled current approximately equals the total corrosion
rate. The welght-loss measurement provides the average corrosion rate for the entire exposure.

j
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4.1.2 Cocoor Base A!!ovs

A thormogalvanic couples experimont was performod with Alloy CDA 102 in simutated J 13 well
water for a total of 380 hours. For tao first 170 hours, no H,0, was added to the test solution. ,

During this period, the hoot transfor specimon was maintained at about 90*C while the solution I
'

temperature was reduced from 80*C to 55'C to increaso the temperaturo difforential. For the
romalning 210 hours,200 ppm H,0, was added to the teet vossol daily. The temperatuto
difforontial was maintained at 35'O during this final period of exposure.

A summary of the results of the experiment is given in Figuros 4.4 through 4.0 and Tablo 4.1.
As shown in Figuro 4.4, there was a systomatic trend of increasing thermogalvanic curront with
increasing temperaturo differential in this figuro, the direction of the current was such that the
corrosion rato of tho isothermal spof.imon was being accolorated by the couple (anodic curront
from the isothormal specimon). However, the magnitudo of the current was very small. The
maximum value measures,0.03 pA/cm'is less than 0.7 pm/yr of general corrosion.

Figuro 4.5 graphically shows the coupled and uncoupled potentials as a function of tost timo.
Thoso data shows that the heated specimon was consistently more noble than the isothermal
specimon. Prior to the additions of H,0,, both the couplod and the uncoupled potentials were
near 0.00 V (SCE) and the difference in the potentials of the two spocimens was generally small,

'

loss than 10 mV.

With each addition of H,0,, largo potential and current transients woro producod, as shown in
Figures 4.5 and 4.0, respectively. The first H,0, addition produced a noble shift of about 200 mV
and subsequent additions produced somewhat smallor shifts, doponding upon the magnitudo of
the potential docay following the previous addition. Initially, following the H,0, addition, the
currents went cathodic for the isothormal specimen, tsut after a few minutos, the curronts became
anodic and produced largo curront transients in excess of 100 (5 pAlcm').- Thoso curront
transients lastod for about 500 minutos, during which timo the H,0, in the cell was probably
decomposing. Figure 4.6 Illustratos a typleal current transient, in moro dotall, as a result of an
addition of H,0,.

Tablo 4.1 summarizes the polarization resistanco (PR) and corrosion rates measured from PR
and weight-loss data for the first thermogalvanic-couples test. As describod above, the PR
measuromonts were taken following uncoupling of the apocimons and reflect the general
corrosion behavior. The PR data show that, prior to the H,0, additions, the corrosion raiu of the
heat transfer specimen was highor than that of the isothermal specimon. Following the H,0,
additions, the same trend was observed, but the corrosion rato of both specimens increased
substantially with a greator increase being exporlonce by the heat transfer specimen.

Comparison of the cloctrochemical data with the actual wolght-loss data indicated that the
electrochemistry overestimated the general corrosion rato. This behavior has been found to be
typical for PR measuromonts of the copper base alloys. This discrepancy mcy be a consequence
of non Faradalo (noncorrosion) oloctrochomical reactions which contributo a curront in the
measuromont, but are not associated with metal bss. However, the discropancy batwoon the
corrosion rates calculated from PR data and the final weight loss data, after H,0, was added, was

. not as largo as it appears. The wolght loss data were averaged over the entiro exposure whilo
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Table 4.1 Summary Of Results Of .The Thermogalvanic Couples Experiment With
Specimens Of Alloy CDA 102 in Simulated J 13 Well Water; Test #1.

,

Peterlastion Corroelon; .. Rete -"

Moelstance . (PR) (Weight Lose)
Condition Specimen- - kod pm/y . ' pm/y C::SCN;-3 j

,

Prior H,0, Isothermal 143 7.68 - -

Prior H,0, Heat Transfor 93.5 11.7 - -

Post H,0, Isothermal 1.87 26.9 0.97 Moderate to
heavy etching

'over 90% of
surface.
Localized
dark colored
areas.

Moderate toPost H,0, Heat Transfor 0.37 143 1.59 heavy etching
over 67% of
surface.
Localized
da* colored
areas. Heavy
etching on -

top surf ace.
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the PR data with H,0, represent peak, transient corrosion rates directly following the a&fitions of
H,0,. The PR data did, however, correctly predict the relative corrosion ratos of the isothermal
and heat transfer specimons. In conclusion, although thermogalvanic corrosion may accolorate
the corrosion rato of that portion of the wasto container having the lower temperatuto, the major i

of'oct is the increase in general corrosion ratos with increasing temperaturo. Additional testing
in other environments is nooded to gonoralize this conclusion.

4.1.3 Fo Cr Ni Alloys

1

Two thermogalvanic couples exporimonts woro performed with Alloy 304L; one in simulated J 13
well water and one in Solution Number 7. Solution Number 7 was solocted from the experimental
matrix as it was shown to promote pitting of Alloy 30iL The composition of Solution Number 7
is given in Tablo 2.5. In both experiments, the heat transfer specimon was maintained at 90*C
while the solution temperaturo was loworod to study the offects of temperaturo differential on
galvanic current. The temperature of the solution was decreased 10*C approximately ovory two
days until reaching 50*C. Hydrogen peroxido was then addod daily to each of the tests while
maintaining the tom.oorature difforential at 40*C For both experiments, a positivo curront value
Indicated that the isothormal specimon was anodic (corroding) with respect to the heat transfer-
specimon. A negativo curront value indicated that the heat transfor specimen was anodic with
respect to the Isothermal t,pocimon.

The results of the experiment performed with Alloy 304L in simulated J 13 well water are
illustrated in Figures 4.7 through 4.9 and in Tablo 4.2. Figure 4.7 illustratos the trend in
thermogalvanic current as a function of temperaturo differential. At temperature differences loss
than 25"C, the isothermal specimen was anodic with respect to heat transfer specimon. At
temperaturo difforences greator than 25'C, the heat transfor specimon became anodic. However,
the magnitudo of the change in thermogalvanic curront was very low in the absonoo of H,0,.

Figure 4.8 Illustrates the coupled and uncoupled potentials as a function of test timo. For the first
243 hours, no H,0, was added to the simulated J 13 well water. Prior to the addition of H,0,, the
potentials of both specimens fell betwoon (0.00 mV (SCE) and 50 mV (SCE)), and the difforence
betwoon the individual potentials woro small, loss than 3 mV. During this time, the heated
specimen was actually slightly more noblo than the isothormal specimen, but the currents woro
insignificantly smallin any case.

,

After 243 hours of exposure, daily additions of 200 ppm H,0, were made to the simulated J 13
wellwater. The offects of the H,0, additions, made on Mondays, are clearly visible in Figure 4.8
as is shown by the large noble potential shift. A polarity reversal occurred such that the
isothermal specimen was more noble. Unlike in the results of the provlous experimont with Alloy
CDA 102, the H,0, decomposition was very slow and extended over soveral days. Dally additions
of H,0, performed throughout the wookdays had no apparent effect on the potentials.- However,
when the H,0, additions woro not made over the weekonds, the decomposition of the H,0, was
evidenced by the drop in potential.

The typical offect of H,0, on the thermogalvanic current in simulated J 13 well water is shown in
greator detailin Figure 4.9. These data shows that 200 ppm additions of H,0, produced small

! '
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Table 4.2 Summary Of The Results Of Thermogalvanic Couples Experiment With
i Specimens of Moy 304L in Simulated J 13 Well Water; Test #2.

Commelen flate
ONWht W i!fSpooknen pent DesertpIlen f<t

Isothermal 0.17 No visible attack.

Heat Transfer 3.95 No visible attack. Rings of scale enciresd the top of
the specimen due to minor fluctuations in ("id level.
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(

current transients that lasted over a relatively long period of time; approximately 24 hours. During
each transient, the heat transfer specimen remained anodic.

After 603 hours of exposure, wolght losses were measured for each specimen and converiod to,

corrosion rates. Table 4.2 Olycs a summary of the corrosion rates calculated from those
measuromonts and r orenptions of the specimers following testing. These data show that the4

heat transfer specimm exporlenced greator general corrosion than did the isothermal opocimen
in simulated J 13 well water. Based on the thermogalvanic current measuromonts, both
thermogalvanic 64ects and accelerated attack, as a result of the higher temperature, contributed
to the corrosion.

The second thermogalvanlo couples experiment with Alloy 304t. was performed in Solution
Number 7, a pltting solution. The results of the experimont in Solution Number 7 are illustrated
in Figures 4.10 through 4.12 and in Table 4.3. Galvanic currents were measured as a function '

of temperaturo diffotontial over the first 309 hours of exposure, as in the previous experimont.'

However, in tost Solution Number 7, those currents approached the lower detection limit of the
test equipment.

The coupled and uncouplod potentials were measured as a function of test timo and are
illustrated in Figure 4.10. No H,0, was added to Solution Number 7 for the first 426 hours of
oxposure. During this timo, tho heated specimen was consistently more noble than the isothermal
specimon. The coupled potentials showed a slight noble trend, which approached the pitting
potential (E ) for this alloy onvironment system, prior to the addition of H,0,; the cyclic-g
potentiodynamic polarization curvo for Alloy 304L in Solution Number 7 is shown in Figure 4.13.

After 426 hours of exposure, daily additions of 200 ppm H,0, woro made to Solution Number 7.
The large potential spike, corresponding to the initial H,0, addition, is readily apparent in Figure
4.10. The initiation of pits is bolloved to have caused the potential of the galvanic couplo and tN
heat-transfor specimon to drop to extremely low levels, which approached the protection pcter.t;al
(E,,) of 120 mV (SCE) for this alloy onvironment. Subsequent additions of H,0, appeared to

,

have loss of an effect on the potential, as illustrated in Figure 4.10 by the narrow range of
potential differencos recordod. Pit initiation also may have promoted the very largo galvanic
current spiko illustrated in Figure 4.11, and the numerous smallor current spikes shown in greater
dotall in Figure 4.12. Subsequent additions of H,0, produced only minor fluctuations in galvenic
curront (Figuro 4.11) which may indicate that the pits olthor passivated or did not continuo to
propagato. Rounded areas of rust were visible on the top surface of the heat transfer specimen
within 24 hours of the H,0, addition.

Tablo 4.3 is a summary of the Polarization Resistanco (PR) measuromonts, corrosion rates
calculated from PR, and wolght-loss data after 763 hours of exposure. A description of the
specimens at the conclusion of the experimont is also includod in Tablo 4.3. All of the PR values
given in this table woro measured after H,0, was added to the electrolyte. The PR values
measured prior to the addition of H,0, were above the limitations of the tost equipment. These
data show that, in Solution Number 7, the heat.transfor spocimen exhibited primarily pitting
corrosion. The isothermal specimon exhibited no visible attack in Solution Number 7.
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1 i
i

Table 4.3 Summary Of The Results Of Therrnogalvanic . Couples Experiment With ,

j Specimens Of Alloy 304L in Solution No. 7; Test #3.

! ,

POlerlEeWen - Coffee 60n M L ,

Reelstancet

Speelmen ' ko-em' PR Wolght Loos g
Vm4 VM4

Isothermal 415 0.49 <0.07 No visible attack.

Numerous pits on the ,
'

sides and top associated

|| Heat Transfer 234 0.87 0.41 with halos of rust-
colored oxide. Some

]
localized etching.

;

.

Polarization' resistance (PR) was measured after addition of 200 ppm H,0,. The valuesNote:
for PR were above limitations of the lost equipment prior to the addition of H,0,.
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Comparison of the corrosion ratos calculated from weight loss and PR data indicates that, as in
previous work, the latter overestimates the corrosion rate. The discrepancy between the two
corrosion rato measurement techniques may be attributed to non Faradalo (noncorrosion)
electrochemical reactions and to timo related offects. The wolght loss data used to calculated
the corrosion rate are averaged over the entito exposure period, while the PR cata after the
addition of H,0, represent peak, transient corrosion ratos.

4.2 Borehole Liner Container interaction Studies

Borohoto linor container intoraction experiments woro k Jcted in Task 6 of the program. The
purpose of those tests was to ovaluate the offects of contact of the borehole liner with the
container on the corrosion performance of the contalnor material. The initial designs for the Tuff
Repository proposed Alloy 304L as the container material and carbon or low alloy steel as the
liner material. Later, at the direction of the NRC, the focus of the testing shifted to Alloy 304L and
Alloy 825 as the liner and container material, respectively. The purpose of these linors is to
facilitato retrieval of the wasto containers over a 50 year period following their emplacement. For
the curront repository design, it is probable that the liners and containers will be in direct contact.
Because the stainless stool container is more noble than the low alloy steel liner, it might be
expected that galvanic contact would be beneficial to the corrosion performance of the container.
However,instancos of accolorated attack of the noblo member of ferrous alloy couples have been
reported (Koams,1986). The mechanism of attack involved acidification within the region of
contact of the two metals by localized corrosion of the less nobio metal, followed by passive film
breakdown on the noblo metal. This type of behavior could occur at regions of contact betwoon
the linor and the stainioss stool container.

4.2.1 Experimental Anoroagh

The borohole linor container interaction experiments woro performed in a PTFE olectrochemical
cell similar to the illustration in Figure 4.14. In each of the experiments, a metal " sandwich" was
prepared with one coupon of liner matorial, a shoot of PTFE, and one coupon of container |

material. The initial wolght and dimension (2.54 cm x 2.54 cm x 0.32 cm) of each coupon were
recorded prior to assembly. Each sandwich was mounted onto Alloy C276 threaded rod and
cloctrically isolated by PTFE inserts. Copper wiro was throaded into a small hole which was
drilled and tapped into the edge of each coupon. Heat shrink tubing was fitted over each of the
electricallead wires to provent contact with the electrolyte. A detailed diagram of the specimen
configuration is shown in Figure 4.15.

The lost cell was fillod with the desired cloctrolyte so that both specimons were fully immersod
in tho test solution. The desired gas was flowed through the electrolyte for a minimum of 30
minutos at ambient temperature. After 30 minutos of gas flow, the test solution was heated to
90*C by heat tapo connected to a temperature controllor.
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The potential of each specimen was moasured with respect to a standard calomel electrode
(SCE) and both specimens were electrically coupled through a ZRA. Each day, the coupled
potential and galvanic current were measured. The specimens were then uncoupled for
approximately 30 minutos and the potential of each spocimen was measured. The coupons were
again recoupled. Polarization tosistance (PR) measurements were performed weekly after the
specimen had boon uncoupled for about 30 minutes. As in the previous galvanic-couples
experiment, the PR measurements were performed by means of the two. electrode technique.
Specimen potentials were scanned between 20 mV (SCE) and +20 mV (SCE) of the free.
corrosion potential and the ensuing current was monitored. Current was plotted as a function of
potential and the PR value was determined graphically as the tangent to the plot al zero current.
The PR values were converted to corrosion rates using the Stem Geary Equation and Faraday's
Law.

At the conclusion of the experiments, gravimetric measurements were performed and the
specimens were examined optically. Weight losses on the specimens were measured using the
Interval weight loss procedure described in ASTM G 1. This technique involved the alternate
descaling of the specimens in inhibited acid and wolghing until the visible corrosion products were
removed. An unexposed control specimen was included in all descaling measurements. True
weight-lossos were then converted to corrosion rates, in pm/yr, by dividing the wolght loss by the
density, the specimen surface area, and the test time and converting the units.

The coup!ad current provides a measure of the accolorated corrosion due to coupling and
providos a measure of the total corrosion rate, depending on the amount of polarization provided
by the couple. Typically, if the more negative specimen is polarized 50 mV or more in the
positivo direction duo to coupling, the coupled current approximately equals the total corrosion
rato. The wolght loss measurement provides the averago corrosion rato for the entire exposure.

4 2.2 Results

Five borehole liner-container interaction tests woro performed. The first three experiments were
conducted with C1010 Carbon Steel (C1010) and Alloy 304L as the borehole linor and container
materials, respectively. In two of these tests, the alloys were exposed to simulated J 13 well
water at 90*C, in the third test, the alloys were exposed at 90'C to simulated J 13 well water
containing 1000 ppm chlorido (Cl) as sodium chloride (Nacl) (Solution Number 38). Later testing
focused on Alloy 304L and Alloy 825 as the borehoto liner and container materials, respectively,
in the fourth experimont, those alloys were ovaluated in simulated J 13 well water at 90'C, and
in Solution Number 10 at 90'C in the fifth experiment. Solution Number 10 was chosen from the
experimental test matrix because of the corrosion behavior observed for those alloys. For Alloy
304L, a largo hysterosis loop occurrod in the CPP curve and optical examination revealed pitting
and crevice attack. However, the CPP curve for Alloy 825 did not exhibit hystorosis and there
was no evidence of attack following the CPP tosts. Appendix E providos the CPP curves for
thoso alloy onvironment systems.

87

.. -_-



_ _ _ _ ._-___ _ _ -
..

4.2.2,1 01010 Carbon Steet/Allov 304L Galvanic Couples

The first borehole liner container interaction test was performed with C1010 and Alloy 304L for
1303 hours at 90*C in simulated J 13 well water. Corrosion potentials and galvanic wrrent
measurements obtained throughoct the duration of the exposure are given in F4pures 4.16 and
4.17, respectively. The sharp downward spike in galvanic current in Figure 4.17 occurrtd as a
result of electrical problems with the ZRA. Polarization resistance measurements, and corrosion
rates determined from these measurements performed over the duration of the exposure are
summarizod in Table 4.4 and exhibited graphically in Figures 4.18 and 4.19, respectively. These
data indicate very high corrosion rates for Alloy 304L which suggested that a deleterious
interaction with the carbon steelliner material had occurred. However, optical examination of the
specimens and analysis of the weight loss data after 1303 hours of exposure revealed very low
corrosion rates for A!!oy 304L The weight loss technique showed Alloy 304L to have a corrosion
rate of 0.61 pm/yr, whereas the corrosion rate of C1010 was 208 pm/yr. Alloy 304L exhibited a
thin blue film on the outside of the specimen which suggests the formation of a passive fnm. The
side of the specimen of Alloy 304L that faced toward the carbon steel specimen exhibited some
black deposits and slight etching with one pit having a depth of 18 pm. The outside of the carbon
steel specimen showed'more severe attack than the side facing the stainless steel. Examination
of the outer surface of C1010 revealed severe metal loss and deep pitting. The deepest pit
measured 240 pm. Examination of the surface of C1010 facing the stainless steel coupon also
showed significt.nt metal loss with the deep 1st areas measuring 82 pm.

The erroneous PR data for Alloy 304L can be attributed to two factors: (1) the use of the carbon
stool specimen as a counter electrode, and (2) a relatively remote reference electrode placed
outside of the specimen sandwich. More reliable PR data were obtained for the carbon steel
specimen, in which a remote platinum counter electrode was used. This experimental setup was
used since it was felt that low PR values for the carbon steel would cause the Alloy 304L
specimen (used as a counter electrode) to experience excessive potential per1urbations.
However, the experimental setup used for the carbon steel primarily provided information from
the outer exposed surfaces, as opposed to the region between the two specimens, in an effort
to acquire more reliable data, the experimental setup was modified in the modified procedure,
a microcapillary tube was inserted through the face of one of the specimens to connert the
reference cell to the area between the specimens. This technique was used to ensure accurate
potential measurements. Secondly, all of the PR measurements utilized the other specimen as
the counter electrode; a remote platinum wire was not used. This modified procedure was
followed for all of the remaining borehole liner container Interaction studies.

The second experiment was performed with C1010 and Alloy 304Lat 90*C in simulated J 13 well
water using the modified experimental procedure. Corrosion potentials and galvanic current
measurements determined daily throughout the exposure period are given in Figures 4.20 and
4.21, respectively. The sharp decline in galvanic current at 1100 hours of exposure followed by
a somewhat steady negligible current clearly Indicated that the electrical ' connection was
disrupted. Weekly PR measurements, and corrosion rates determined from these measurements,
are given in Table 4.5 and are exhibited graphically in Figures 4.22 and 4.23, respectively. The
increase in PR and the decrease in corrosion rate of the specimen of C1010 after 1100 hours
further Indicate that the electrical connection to the carbon steel was disrupted.
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c

Table 4.4. Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Specimens Of Alloy 304L And C1010 Carbon Steelin Simulated J 13 Well Water
At 90*C; Test #1.

PolettaeWon Slope Corroelon
.Realstense ' mV/ Decode: Rate ~

| Alloy . Hosre kohm om' - : B. . B, 4 pmlyr mV

304L 26 22.20 493 131 20.62 392
304L 287 0.310 493 131 1475 398
304L 455 0.102 493 131 2383 383
304L 599 0.163 493 131 2810 393,

304L 696 0.103 493 131 4433 368
'

304L 1008 0.095 493 131 4836 295
304L 1151 0.080 493 131 5695 350

C1010 26 6.15 159 84 44.89 492
C1010 287 2.45 159 84 112.68 399
C1010 455 3.14 159 84 88.02 385
C1010 599 2.93 159 .84 94.10 393
C1010 696 1.35 159 84 204.50 450
01010 1008 0.38 159 84 722.0 283
01010 1151 0.32 159 84 875.8 335
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Table 4.5 Summary Of Results Of Electrochemical Measurements Performed On Sandwich '

Specimens Of Alloy 304L And C1010 Carbon Steel in Simulated J 13 Well Water
At 90'C; Test #2.

1
iPolarfzetion . . Slope . LCorrosion

in: k : Resistance : mV/ Decade': . Rato > Ea
' Alloy / Hours -. kohm-om's =B; -- B . - pm/yr mV (SCE)1

304L 115 44.2 493 131 10.36 222
304L 287 246.0 493 131 1.86 265
304L 428 134.0 493 131 3.43 166

304L 573 34.1 493 131 13.43 363
304L 742 154.0 493 131 2.98 170
304L 910 122.0 493 131 3.76 156
304L- 1244 646.0 493 131 0.70 - 84
304L 1413 345.0 493 131 1.33 - 45

i

304L 1582 725.0 493 131 0.63 8 1

304L- 1750 28.50 493 131 0.30 - 53
304L 1924 1520.0 493 131- 0.70 29
304L 2088- 652.0 493 131 1.31 - 60 -
304L 2252 451.0 493 131 1.01 - 73

C1010 115 4.65 159 84 59.37 511
C1010 287 16.00 159 84 17.23 -616
C1010 428 6.80 159 84 40.62 637
C1010 573 . ,.10 159 84 59.17 -603
C1010 742 L'; 159 84 -17,75 566
C1010 910 4.32 159 84 -63.85 548 -j
C1010 1244 445.00 159 84 0.62 245
C1010 1413- .156.00 159 84 1.78 -208
C1010 1582 157.00 159 84 1.76 -218
C1010 1750 177.00 159 84 1.56 -285
C1010- 1924 87.30 159 84 3,16- -315
C1010 2088 54.30 -159 84 5.09 -257
C1010 2252 121.00 159 84 2.28 -237

|

|
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The second experiment was terminated alter 2259 hours of exposure. Optical examination of the
specimens and analysis of the weight-loss data revoated very low corrosion rates for Alloy 304L.
The weight loss technique showod Alloy 304L to have a corrosion rate of 0.03 pm/yr, whereas
the corrosion rate of C1010 was 398 pm/yr; see Table 4.6. The exterior surface of the Alloy 304L
specimen was shiny and showed no visible attack. The interior surface (facing the C1010
coupon) exhibitod ,some localized black deposits, but showed no visible attack. The specimen
of C1010 exhibited sovere metalloss on both the exterior and the interior surfaces. The edge
of the C1010 specimen was severely corroded at the contact for the electrical lead such.
Comparison of the corrosion ratos calculated from PR measurements to those from weight loss
data show that the PR technique overestimated the corrosion rate of Alloy 304L. On the other
hand, the carbon stoel had a significantly higher corrosion rate, based on weight loss, than that
which was determined by the PR measurements. This discrepancy between the two corrosion
rates for carbon stool may have been a reflection of the contribution of galvanic corrosion to the
attack.

The third experiment was performed with C1010 and Alloy 304L in 90*C simulated J 13 well water
containing 1000 ppm chloride as sodium chloride (NcCl). Corrosion potentials and galvanic
current measurements measured throughout the exposure period are given m Figures 4.24 and
4.25, respectively. For comparison, the weekly PR measurements, and corrosion rates
determined from these measurements, are given in Table 4.7 and exhibited graphically in Figures
4.26 and 4.27, respectively.

The third experiment was terminated after 2057 hours of exposure. Optical examinations of the
specimons and analysis of the weight-loss data revealed very low corrosion rates for Alloy 304L.
The wolght-loss technique showed Alloy 304L to have a corrosion rate of less than 0.04 pm/yr,
whereas the corrosion rate of C1010'was 414 pm/yr, As in the previous experiment without
added chlorido, the exterior surface of the specimen of Alloy 304L was shiny and showed no
visible attack. The interior surface exhibited some localized black deposits, but showed no visible
attack. The specimen of C1010 exhibited severe metal loss on both the exteric: and interior
surfaces. Comparison of the corrosion rates calculated from PR measurements to those from
weight-loss data also showed that the PR technique overestimated the corrosion rate of Alloy
304L but underestimated the corrosion rate of Alloy C1010. Again, the higher corrosion rate of
Alloy 1010 may be due, in part, to the contribution of galvanic corrosion.

4,2.2.2 Allov 304L/Allov 825 Galvanic Couples

The fourth and fifth borehole liner-container Interaction experiments were performed with Alloy
304L and Alloy 825 as the liner and container material, respectively. In the fourth experiment,
these alloys were evaluated in simulated J 13 well water at 90*C Corrosion potentials and
galvanic current measurements obtained throughout the duration of the exposure are shown in
Figures 4.28 and 4.29, respectively. - These figures illustrate the similarity in the corrosion
potentials of the two alloys, and as a consequence, the very low galvanic current. Polarization
resistance measurements, and corrosion rates determined from these measurements, performed
over the duration of the exposure are summarized in Table 4.8 and exhibited graphically in
Figures 4.30 and 4.31. These data indicate high polarization resistance which correspond to very
low corrosion rates.
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I: Table 4.6 - Summary Of Corrosion Rates Calculated From Gravimetric Measurements Of
Sandwich Specimens Of Alloy 304L And C1010 Carbon Steel in Simulated J 13
Environments At 90*C.;

|
~

ICorroalon ?*

F
.

< ,

_ . .
.

Exposure:;
..

RateL %* '

' Environment; i Hours: EAlloy1 ' pm/y1 Deectlption

Simulated 1303 304L 0.61 Exterior side covered with thin
J 13 blue oxide film. Interior side.

(Test #1) exhibited some black deposits
.

and slight etching. One pit,18
,

pm in depth, was observed on"

the interior side.
........................._ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.C1010 208.34 Exterior side exhibited severe

| metalloss and deep pitting. The -

deepest pit measured 240 pm.
The interior side showed severe
metalloss with the deepest:

,

areas measuring 82 pm.'

Simulated 2259 304L 0.03 Exterior side was shiny with no -
J 13 visible attack. : Interior side -

(Test #2) showed localized black deposits,
but no visible attack.

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

C1010 398.46 Exterior and interior sides'.
exhibited severe metalloss.-

Simulated 2057 304L <0.04 Exterior side was shiny with no
,

J 13 visible attack. Interior side -
+1000 ppm Ci showed localized black deposits,

as Nacl but no visible attack.
~""""" - ~ " " " " """"-~"~~"~~~~""-""~~~~'

.(Test #3) C1010 414.44 Exterior and interior sides
exhibited severe metal loss.

_.
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Table 4.7 Summary Of Results Of Electrochemical Measurements Performed On Sarkfwich
Specimens Of Alloy 304L And C1010 Carbon Steel in 90*C Simulated J 13 Well
Water Containing 1000 ppm Chloride As Sodium Chloride; Test #3.

Poterlastion Slope - Corrosion. ..

~ " Reeletence ImV/ Decade . Rate ' . Ek
JAlloy Hours , : kohm-cm' B,f 54-t pmlyr mV (SCE)i

1

304L 193 383.00 429 123 1.11 -150
304L 359 638.00 *29 123 0.66 157

304L 526 311.00 429 123 1.36 165

304L 700 369.00 429 123 1.15 -161

304L 864 256.00 429 123 1.65 163

304L 1028 208.00- 429 123 2.03 -117
304L 1195 89.10 429 123 4.75 232
304L 1363 51.60 429 123 8.20 303
304L 1722 26.60 429 123 15.90 -317
304L 1872 28.50 429 123 14.84 -317-
304L 2034 34.30 429 123 12.33 270

C1010 193 1.99 97 193 162.60 -647
C1010 359 1.G6 97 193 194.80 -614
C1010 526 3.17 97 193 102.20 -657
C1010 700 1.34 97 193 242.90 -650
C1010 864 0.89 97 193 364.10 -634
C1010 1028 0.44 97 193 729.50 -609
C1010 1195 0.68 97 193 480.10 -619
C1010 1363 0.51 97 193- 641.10 -588
C1010 1722 0.51 97 193 631.30 -593
C1010 1872 0.51 97 193 = 633.30 -611
C1010 2034 0.52 97 193 620.20 598

|

r
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Figure 4.29 Galvanic Current As A Function Of Test Time For Sandmch Specimens Of Alloy
825 And Alloy 304L In Simulated J-13 Well Water At 90*C (Test #4).
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Table 4.8. Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Specimens Of Alloy 304L And Alloy 825 in Simulated J 13 Well Water At 90*C;
Test #4.

' ~
.

..Polarlastion . j Slopel Corrosion nT
..

tt .

, ' .
'

#. . Reeletance .mV/Decadel . . ; Rele't , "i ho
.<

-

:ANoy2 Mours! i;kohm cm' = ?BL "- t : . pm/yr imV(905F
'

i

304L 23 1 250 493 131 0.37 78
304L 144 3 790 493 131 0.12 -40
304L 311 5 220 493 131 0.09 22 1

304L 485 4 850 493 131 0.09 -38
304L 649 5530 493 131 0.08 -16
304L 768 3 100 493 131 0.15 18 |

15493 131304L 936 --

304L 1 037 6 220 493 131 0.07 -32
304L 1175 6 950 493 131 0.07 12
304L 1367 7 220- 493 131 0.06 -9
304L 1 511 9 000 493 131 0.05 1

304L 1 679 11 600 493 131 0.04 24
304L 1 846 8 690 493 131 0.05 7
304L 2 015 8 700 493 131 0.05 -11

825 23 800 211 221 0.50 220
825 144 3 000 211 221 0.13 - 22
825 311 4 310 211 221: 0.09 -8
825 485 3 780 211 221 0.11 -22
825 649 3 480 211 221 0.11 -19
825 768 2 680 211 221 0.15 +1.

: 825 936 3 920 211 221 0.12 9
'

825 1 037 3 170- 211- 221 0.13- -16
825 1 175 4 350 211- 221 0,09 10
825 1 367 3 010 211 221- 0.13 -9

i 825 1 511 3 780 211 221 0.10 -8
L 825 1 679 5 120- 211 221 0.08 -8
| . 825 1 846 2 220 211 221 0.18 -17

825 2 015 2 350 211 221 0.17 -20
|

L
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The fourth experiment was terminated after 2019 hours of exposure. Optical examination of the
specimens and analysis of the weight loss data revealed very low corrosion rates for both alloys.
These rates wore comparable to the corrosion rates calculated from the PR measurements shown
in Table 4.8. Neither specimen showed any visible attack and the weight loss technique Indicated
corrosion rates of 0.57 pm/yr and 0.24 pm/yr for Alloy 304L and Alloy 825, respectively.

In the fifth experiment, Alloy 304L and Alloy 825 were evaluated in Solution Number 10 at 90*C.
The composition of Solution 10 is given in Table 2.5. Solution Number 10 was chosen from the
experimental test matrix because of the corrosion behavior observed for these alloys in this
environment in previous CPP tests. For Alloy 304L, a large hysteresis loop occurred in the CPP
curve and optical examination revealed pitting and crevice attack. The CPP curve for Alloy 825,

! however, did not exhibit hysteresis and there was no evidence of attack following the CPP test.
The CPP curves for these alloys in Solution Number 10 are given in Appendix E.

Corrosion potentials and galvanic current measurements obtained throughout the duration of the
exposure are shown in Figures 4.32 and 4.33, respectively. These figures also show similar
corrosion potentials for both alloys. As in the previous experiment, the similarity of the corrosion
potentials resulted in very low galvanic current. Polarization resistance measurements, and
corrosion rates determined from these measurements, performed over the duration of the
exposure are summarized in Table 4.9. These same data are exhibited graphically in Figures
4.34 and 4.35. These data also show high polarization resistance values, which correspond to
low corrosion rates.

The fifth experiment was terminated after 2021 hours of exposure. Optical examination of the-
specimens and analysis of the weight loss data revealed very low corrosion rates for both alloys.
As in the previous experiment, corrosion rates calculated from PR measurements (Table 4.9) and
gravimetric measurements were similar for both specimens Nolther specimen showed any visible
attack. The weight-loss technique showed corrosion rates of 1.57 pm/yr and 0.88 pm/yr for Alloy
304L and Alloy 825, respectivoly.

Table 4.10 summarizes the corrosion rates calculated from weight loss measurements and the
results of the optical examinations following each of the tests discussed above. These data show
corrosion rates of less than 1.6 pm/yr with no visible attack. No pitting was observed in Alloy
304L in Solution Number 10, a solution expected to cause pitting based upon results of previous
CPP testing in this environment. The discrepancy between the corrosion behavior observed for
Alloy 304L in this test (Test No. 5), and after the CPP test can be explained by comparing the
corrosion potentials (Figure 4.32) to the electrochemical parameters, E, and E Throughouty.
the exposure in Test No. 5, the corrosion potentials of Alloy 304L ranged between -150 mV (SCE)
and -100 mV (SCE) which is considerably less than E (+700 mV (SCE)) and close to Ey (-120g
mV (SCE)).
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Table 4.9 Summary Of Results Of Electrochemical Measurements Performed On Sandwich
Specimens Of Alloy 304L And Alloy 82S In 90*C Solution Number 10; Test #5.

.

Polarlastion iSlope: [Corroelon
Resistancel . mV/ Decade . Rete:

'

. ..

I Alloy 1 ;; Hours L' i kohm<m'-~ '. B, . ,M- pm/yr: JmV. E)4

304L 23 399 684 til 1.06 174
304L 140 854 684 111 0.49 91
304L 308 928 684 111 0.46 -108
304L 483 896 684 111 0.47 103
304L 648 619 684 111 0.68 -96
304L 766 376 684 111 1.12 129
304L 936 1 640 684 111 0.26 -133
304L 1 037 328 684 111 1.29 120
304L 1175 1 970 684 111 0.21 87
304L 1 367 2 890 684 111 0.15 -74
304L 1 513 1 700 684 111 0.25 79
304L 1 681 10 800 684 111 0.04 .47
304L 1 848 12 000 684 111 0.04 29
304L 2 017 3 940 684 111 0.11 -75

825 23 1 430 365 100 0.20 -123
825 140 2 430 365 100 0.12 -127
825 308 2 960 365 100 0.10 127
825 483 1 390 365 100 0.21 -139
825 648 2 180 365 100 0.13 129-

825 766 2 180 365 100 0.13 -127
825 936 '3 030 365 100 0.10 185
825 1 037 2 460 365- 100 0.12 -131
825 1 175 5 210 365 100 0.06 -143
825 1 367- 3 230 365 100 0.09 -128
825 1 513 13 900 365' 100 0.02 -100
825. 1 681- 3680 365- 100 0.03 -40
825- 1 848- 13 900 365 100 0.02 -17
825 2 017 10 700- 365 100 0.03 -115

>

- 114 -

|
.. . .. .

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



i

O
O
D
N 5

OJ m
N o+

c
o

Dn EV 'Oc
&OS g-

ge .

J l i O E
~O 4

0# O m
N *

h
8b
'OOo

d

|5 8 i

t*O o_O heo e Dse 3 zo e
I oC

D3.
e C _:3

E i 0>
F: <c

m-
O "M <>v
O O 80o I-- cM

5Ae-

'

E 'O
CkO

- nm
CO N
.g =
$$0

q -O a<
D

$
0 4

4- .9
u.

O. . . . . . , , i.....,, , ii..,,,,, g,...,,, i......, ,, . . . . . , , ,

O O O O O e- "O O O O e dO O O '-
O O -

O e-
e-

uJo-Ung

93UD)S!S08 UO}}DZjJDjod

- 115 -

.
.

. ..
.

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



-- .

10
Legend

''

9- O-O 1825
:: e - e 304L
..

8..
..

..

7-
N' ||
E ..

A 6-
..

.,

"O

5..m
c .

.9 --

g 4-.

-: t- .:: ;

e o .

3..o.

.

.

2.
.

~

1

: --
~

> l. ". A .m . c. . ,-
= =- ~- -

0 _ _ . . - .-. r- . .y- . .
,. .

0 500 1000 1500 2000 2500

Test Time, Hours

Figure 4.35 Corrosion Rate As A Function Of Test Time ForSandwich Specimens Of Alloy 825
And Alloy 304L in Solution No.10 At 90*C (Test #5),



|

|
,

Table 4,10 Summary Of Corrosion Rates Calculated From Gravimetric Measurements
Performed On Sandwich Specimens Of Alloy 825 And Alloy 304L in Selected
Environments At 90*C.

O f zx it '- -1 Conoelon . aupit Ap
g4 qw 7g g. x,.g,4,ggg,4. . ; W# s

-

-

4

EnWomned fgg ' Alloy , *IlmWyr;l" ,i|1 [Deso#. ,#en""#$%|q
. . . , - , . , - . , ._

*

Simulated J-13 2019 _

304L 0.57 Shiny, no visible attack

'
Solution No.10 2021

304L 1.57 Shiny, no visible attack
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1

1. LONG-TERM IMMERSION STUDIES

Long-term immersion tests were conducted in Task 7 of the program. The purpose of these tests
was to provide long term exposure data for evaluating the various modes of corrosion identified
in other tasks of the program. The tests were designed to assess the performance of the
candidate alloys at times when the temperature of the repository is near the boiling point of water
and periodic intrusion of vadose water occurs. These tests differed from those performed in
Task 3 of the program in that evaluation of the effects of concentration of salts in the groundwater
on corrosion behavior was included. The tests woro performed on the four candidato alloys in
simulated J 13 well water at 90'C over a period of 80 weeks. During the exposures, the solutions
were allowed to ev8porate and new solution was edded on a weekly basis. The experiments
included constant strain (U-bend) specimens to evaluate SCC, weight loss specimens, and non- ,

destructive electrochemical techniques. The electrochemical techniques included periodic
potential and polarization resistance measurements.

'

5.1 Experimental Approach

The exposure tests were performed in four liter glass resin kettles in accordance with ASTM G31.
These vessels, as shown in Figure 5.1, have a removable lid, four ground glass access ports in
the lid, electrical resistance heating mantles, and glass Leibig condensors. One vessel was used
for each alloy that was tested. All of the specimens were exposed in triplicate and their
placement was designed so that individual " racks" of specimens could be removed and evaluated
at three different exposure times. Table 5.1 is a summary of the specimens used in the boil-down

|
studies,

i

| The test specimens (2.54 cm x 2.54 cm x 0.32 cm) were cleaned, measured, and degreased prior i

to testing. The specimens were then mounted on Alloy C276 threaded rods and electrically
isolated from the rods with tetrafluoroethylene (TFE) washers. Serrated TFE washers were
clamped to the square coupons to create a TFE-metal crevice. Standard-sized U-bend
specimens (ASTM G30) were also included to evaluate susceptibility to SCC. The U-bend
specimons did not have serrated crevices.

Every week for 80 weeks.1800 mL of freshly-prepared simulated J-13 well water was added to
each test vessel to completely cover the test specimens. Dry air was passed through the vessels.
The rate of air flow and the cooling water flow rate in the condensers were adjusted to obtain
nearly complete evaporation in one week.

The instantaneous corrosion rate as a function of time was measured periodically by means of '

a three-electrode polarization resistance (PR) technique._ The submerged working electrode was
a cylindrical test specimen attached to a copper wire covered with shrink tubing. One of the Alloy ;

C276 supports was used as the counter or auxiliary electrode. A glass Luggin probe with a
saturated calomel electrode (SCE) entered the test vessel vertically and was filled with the test
electrolyte during the PR measurements.

- 119 -
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Figure 5.1 Glass Rosin Kettles Used in The Task 7 Immersion Studies.
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Table 5.1 Summary Of Specimens Used in Task 7 Long Term Boll Down Studies,

t,' _ . 4 .^- * iTotall-

'?? ti _

Spoolmen) ! Number |0f: Exposure Time Number.Of-.-
.iVessel i Allop - Type Specimene . Hours Spoolmens

Creviced 3 4000 0000 13 400 91 1825
U Bend 3 13 400 3- -

Creviced 3 4000 8000 13 400 92 3R
U-Bend 3 13 400 3-- -

Creviced 3 4000 8000 13 400 93 CDA 715
U-Bend 3 13 400 3- -

Creviced 3 4000 0000 13 400 94 CDA 102
-U Bend 3 13 400 3- -

__ __

%
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The ASTM G-59 procedure was used for the actual PR measurements and the specimen
potential was scanned between 20 mV (SCE) and +20 mV (SCE) of the free corrosion potential.
The ensuing current was monitored as a function of potential. The tangent to the potential current
plot at the free-corrosion potential is the PR value. The PR value was corrected for ohmic
potential drop in the solution between the tip of the Luggin probe and the specimen by means of,

an AC measurement technique.

The polarization resistance values were converted to corrosion rates using the Stern Geary
Equation and Faraday's Law. The Tafel constants, B, and B,, were obtained from the
potentlodynano polarization curves by dawing tangents to the curves at over-potentials of +75
and 75 mV from the free-corrosion potential. The polarization curves for the alloys in J 13 well
water were used for the Tafel slope analysis.

Weight losses on the specimens were measured using the interval weight-loss procedure
described in ASTM G-1. This technique involves the alternate descaling of the specimen in an
inhibited acid and weighing untll the visible corrosion products are removed. Walght losses were
then converted to corrosion rates, in pm/yr, by dividing the weight loss by the density, the
specimen surface area and the test time and converting the units.,

The pit depths on the specimens were measured optically, following descaling. A focusing.

technique was used with a microscope having a calibrated stage. The pits were first located at
a low power magnification. At a high power, the microscope was focused on the specimen
adjacent to the pit and the stage position recorded. The microscope was then refocused at the
pit bottom and the final stage position was recorded; the difference between the two recordings
was then calculated. The deepest of up to five pits were reported after each exposure period.

5.2 Cop.per-Base A!!ovs
4

Long-term boil-down testing was performed with Alloy CDA 715 and Alloy CDA 102 in simulated
,

J 13 well water at 90 C for a period of 80 weeks (13,400 hours).- Table 5.2 is a summary of the
results of electrochemical measurements performed over the exposure period. Figure 5.2
Illustrates the trends in PR with time for each of th6 copper-base alloys and Figure 5.3 illustrates.

the corrosion potential trends. These data show a slight decrease in PR, corresponding to an
increase in corrosion rate, over the exposure period for Alloy CDA 715. The calculated corrosion
rates for Alloy CDA 715, however, were low. The data for Alloy CDA 102 show a significant
decrease in PR over the first 12,000 hours of exposure, followed by an increase over the
remaining 1,400 hours. The lowest PR values measured corresponded to quite high corrosion,

rates; >S00 pm/y. The potential behavior, shown in Figure 5.3, mirrored this PR. behavior. Thei

root cause of the peculiar behavior was not established.
.

Optic l examinations of the specimens and analyses of the weight-loss data are summarized in -
Table 5.3. These data indicate low corrosion rates for both of the copper-base alloys. The
weight-loss data also indicate that the corrosion rates decreased over the exposure period.
Corrosion rates for Alloy 715 and Alloy CDA 102, calculated from weight-loss measurements,

r_ were <0.2 pm/yr and 1.16 pm/yr, respectively, after 4034 hours of exposure. After 13,400 hours,
| these rates were <0.005 pm/yr and 0.45 pm/yr for Alloy CDA 715 and Alloy CDA 102,

|
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Table 5.2 Summary Of Results Of Electrochemical Measurements For Copper-Base Alloys
in Aerated Simulated J 13 Well Water At 90*C; Long Term Boll-Down Tests,

n .-w
_

Polarizatien Slope
.

Resistance - r::V,Becade . - Corroelon/ Rate - E ,-Alky Hours - kohm/cm' L B. Si pm/yr mV (SCE)
715 502 2250.0 203 | 123 0.26 119715 669 1850.0 203 123 0.31 121
715 1345 3870.0 203 123 0.15 134
715 2 012 4330.0 203 123 0.13 76
715 2 686 2030.0 203 123 0.28 132
715 3 381 827.0 203 123 0.70 167
715 4 032 2190.0 203 123 0.26 155
715 4 703 43.0 203 123 13.40 151
715 5 374 618.0 203 123 0.93 -116
715 6 044 377.0 203 123 1.53 109
715 6 716 361.0 203 123 1.60 130
715 7 654 313.0 203 123 1.84 175715 8 062 412.0 203 123 1.40 125715 8 737 328.0 203 123 1.76 156715 9 404 366.0 203 123 1.58 92715 10 078 220.0 203 123 2.62 175715 10 754 611.0 203 123 0.94 100715 11 421 229.0 203 123 2.52 124715 12 093 214.0 203 123 2.69 160715 12 765 288.0 203 123 2.00 55715 13 436 282.0 203 123 2.04 192
102 523 63.0 390 150 17.37 159102 668 59.6 390 150 18.36 270102 1 345 69.3 390 150 15.80 157102 2 012 43.9 390 150 24.93 151102 2 685 89.2 390 150 12.27 -139102 3 381 48.7 390 150 22.47 -167102 4 031 102.0 390 150 10.75 -208102 4 701 14.5 390 150 75.30 273102 5 372 15.2 390 150 71.90 236102 6 044 7.6 390 150 144.00 292102 6 715 13.5 390 150 80.80 -235102 7 654 9.3 390 150 118.00 -208102 8 062 5.1 390 150 215.00 -314102 8 736 9.3 390 150 118.00 288102 9 404 5.2 390 150 210.60 259102 10 077 6.0 390 150 181.20 -321102 11 421 4.3 390 150 256.30 362102 12 093 2.1 390 150 534.70 -390102 12 764 71.2 390 150 15.36 -262102 13 435 174.0 390 150 6.28 -189

!
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Table 5.3 Summary Of Flesults Of Exposure Of Creviced Copper Base Spedmens in
Aerated Simulated J 13 Well Water At 90'C; Long Term Boll Down Tests.

Test - Conoston 44animum
Time apostmen Mate - PR Depth 1

Alloy Howe Type.- pnWr pm- Commente ~ Spostmen

Locatired etching at 32A 33A 33ACDA715 4 034 Coupon <0.2 -

cravice; very slyht
scaling.

CDA715 8 064 Coupon 0.02 LOC *l'2d 'IChi"9 "I 35A 36A 37A-

crevice; very slight
6caling.

9,y,ihh.fngf***;8Y* 38A 39A 40ACDA715 13 440 Coupon <0.005 -

' * *
CDA715 13 440 U Bend " A22 A23 A24- -

CDA102 4 033 Coupon 1.16 10 Heavy etching; sisht 801 811 821
pitting on one specimen.

CDA102 8 064 Coupon 0.65 Hean etching. 831 841 851-

CDA102 13 349 Coupon 0.45 32 Werate to heaW 861 871 881
etching.

No SCC or andCDA102 13 349 U Bend " U10 U11 U12- -

* Depth of etched areas, measurable on only one specimen.
" Not creviced.
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tospectively. The lattor correspond to thickness lossos of <0.005 mm and 0.45 mm in 1000 years
for Alloy CDA 715 and Alloy CDA 102, respectively.

Comparison of Tables 5.2 and 5.3 Indicatos that the PR technique overestimated the actual
corrosion ratos by over two orders of magnitude. The highor corrosion ratos calculated from the
PR techntuo mcy be a result of non Faradale (noncorrosion) reactions in the solution. The PR
technique also incorrectly predicted the itends in the corrosion rates with time. The PR fechnique
prodlcted an incroaso in corrosion rato with timo for the two alloys while actual corrosion rates
decreased with time. This discropancy may be a refloction of an increase in the non Faradaic ,
oloctrochemical reactions with timo. The use of Tafel slopos for the non concontrated simulated
J 13 well wator, as opposed to actual Tafoi slopos for the concentrated solutions, may have
contributod to the discropancy.

Optical examination of specimons of Alloy CDA 715 following the exposuro periods rovc%'
some localized etching at the croviced areas. No pitting was observed in any of the specimens i

of Alloy CDA 715. U-bond specimons of Alloy CDA 715 showed no evidence of SCC, pitting, or |

otching. Examinati.n of specimens of Alloy CDA 102 following the exposuro porlod revealed
moderato to heavy shing. Shallow pitting,10 pm in depth, was observed on one specimen
following 4033 hours of exposure. Attor 13,345 hours, heavy etching, up to 32 prn, was
observod. U bond specimens of Alloy CDA 102, howevsr, showed no ovidence of ESC, pitting,
or etching.

.43 FeCr Ni Allovs

Long term boll down testing was performed with Alloy 825 and Alloy 304L in simulated J 13 well
water at 90*C for a parlod of 80 wooks (13,400 hours). Tablo 5.4 is a summary of the
cloctrochemical measuromonts performod over the exposure period. Figure 5.4 illustratos the
trends in PR for each of the Fo-Cr Ni alloys with timo and Figure 5.5 Illustratos the corrosion
potential trends. Those data Indicato low co,.asion rates and relatively stablo PR values.

Optical oxaminations of the specimens and analysos of the weight loss data are summarized in
Tablo 5.5. Thoso data also show very low corrosion ratos for both of the Fo-Cr Ni alloys.
Comparison of Tables 5.4 and 5.5 shows that the PR technique tended to overostimato actual
corrosion ratos. Corrosion ratos of both Alloy 825 and Alloy 304L, calculated from wolght loss
measuromonts woro loss than 0.2 prn/yr after about 4000 hours and less than 0.005 prn/yr after
about 13,440 hours of exposure. Thoso corrosion ratos correspond to a thickness loss of loss
than 0.2 mm to loss than 0.005 mm in 1000 years. Optical examination of specimens of both
alloys Indicated negligible attack after any of tho exposure periods.

5.4 Solution and Deposit Analyses

Following the termination of the long term boll-down tests, duplicato samplos of solution woro
obtained from each of the resin kettles and analyzed. Duplicato samplos of simulated J 13 well
water woro also submittod as a control and to act as a check on our quality assurance proceduro

- 127 -
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Table 5.4 Summary Of R:sults Of E!:ctrochimical M:asur:ments For Fo Cr Ni Alloys in
A:rtled Simulated J 13 Well Water At 90'C; Long Term, Boil.Down Tcsts.

_.
_ _ _

_-

Polar 1:stleri . Slope
., . Resistance mV/ Decode CorroelotVRete

- Alloy Hours kohm em' 8.- e,- pm/yr 'mV(

1825 356 1230 211 221 0.39 149
1825 697 1530 211 221 0.31 209
1825 1 341 1740 211 221 0.27 284
1825 2 013 99 211 221 4.85 146
1825 2 713 9450 211 221 0.05 101

1825 3 359 >108 (a) 211 221 <4.42 238
1825 4 055 264 211 221 1.81 208
1825 4 702 280 211 221 1,71 201
1825 5 377 266 211 221 1.20 214
1825 6 382 242- 211- 221 1.97 227
1825 6 719 230 211 221 2.03 +185
1825 - 7 389 244 211- 221 1.96 248
1825 8 061 117 211 221 4.08 168
1825 8 741 154 211 221 3.11- 118
1825 9 410 214- 211 -221 2.24 205:
1825 10 076 260 211 221 1.84 215
1825 10 756 470 211 221 1.02 209
1825 11 589 361 211 221 1.33 169-
1825 12 094 355 211 221 1.35 132
1825 13 102 337 211 221 1.42 169
1825 13 485 134 211 221 3.58 +164

304L 339 4960 493 131 0.10 + 67
304L 672 5230 493 131 0.09 166
304L 1 515 1800 493 131 0.26 91
304L 2 038 3610 403 131 0.13 73
304L 2 688- 438 493 131 1.08 103
304L 3 366 369 493 131 1.28 146
304L 4 034 784 493 131 0.60 96
304L 4 704 40 493 131 11.8 230
304L 5 374 601 493 131 0.78 168.
304L 6 215 61 493 131 7.71 205
304L 6 719 105 493 131 4.49 176
304L 7 393 54 493 131 8.76 232
304L 8 065 142 493 131 3.34 190-
304L 8 735 210 493 131 2.25 174
304L 9 407 222 493 131 2.13 115
304L 10 081 140 493 131 3.36 +125
304L 10 754 126 493 131 3.14 124

-304L 11 593 134 493 131 3.54 131
304L' 12 097 244 493 131 1.93- 115
304L- 12 935 205 493 131 2.31 128
304L 13 440 203 493 131 2.32 153

(a) By Electrochemical Impedance Spectroscopy.
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Table 5.5. Summary Of Results Of Exposure Of Creviced Fe Cr Ni Specimens in Aerated
Simulated J 13 Well Water At 90*C,

J. < Test ~ Consolen Meatmum
_. .y igne Specimen Plate ' IPR @

*
-3 + s

,

Auey M TWm lan$r 'imm . Comments SpeeDeen

825 4 056 Coupon < 0.2 No and; very sight 11 12 13-

scaling.

825 8 062 Coupon <0,009 No anack; steht acating. 14 15 16-

825 13 435 Coupon <0.005 No and; steht scaling. 17 18 W-

825 13 435 U-Bend " No SCC or and Ut U2 U3- -

304L 4 034 Coupon < 0.2 No and; sight scaling. L1 L' L3a-

304L 8 065 Coupon <0.009 No and; slyht scaling. L4 L5 L6-

304L 13 441 Coupon <0.005 No and; sthht scaling. L7 L8 L9-

304L 13 441 U Bend " No SCC or and. UI U2 03- -

" Not creviced.
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for solution preparation. Table 5.6 summarizos the results of thoso solution analyses and
comparos those results with the predicted concontration. The predicted concentration was
calculated assuming that the tost solutions boiled to cryness wook!y during the 80 week
exposures. Thoso data show that the actual compositions of the test solutions was very similar
and slightly less than the calculated composition, with a few exceptions. These exceptions in
composition included calcium, magnoslum, silicon, and bicarbonato, which woro thought to have
precipitated from solution.

Duplicato samplos of the precipitated salts wero obtained from the test vossols attor the exposuro
periods. Suveral techniques woro used to analyzed those precipitates. Carbonates woro
dolormined by acid digestion and titration. The porcentage of carbonatos was calculated as the
calcium carbonato equivalent. The total cation analysos woro dolormined by the Inductively
Couplod Plasma (ICP) method. For this analysis, the samplos woro fused with UB,0. and
dissolved in 4% nitric acid. Elomontal analysos also woro performed by somiquantitativo Energy ,

'

Dispersivo Spectroscopy (EDS). For this analysis, the precipitates woro mixed with opoxy and
metallographically prepared. Results of the analysos are glvon in Table 5.7. These data confinn
the prosonce of the constituents that woro nearly absent from the solutions foilswing 80 wooks
of bolling and concentration. Tho deposits show relatively high concentrations or calcium, silicon,
and alkalinity constituonts such as CACO . |3

The precipitatos also wore analyzed by X Ray Diffraction (XRD). Both the total samplos and the
residuos from the acid treatment were analyzed. A typical diffraction pattom is given in
F10uro 5.6. The naturo of the diffraction pattoms, with little definition in the peaks, indicatos a
lar00 amount of amorphous (non-crystallino) material is prosent in the precipitates.

132 -
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Table 5.6 Compierison Of Composdons Of Simulated J-13 Wen Water To The Compositions Of Solutions Followng 80 Weeks
Of Boi! Down and Concentration. --

' ~ Y e 2 Actual Prosected J-13 COA 715 - COA 102 : 5 25 30eL; s.;
- -

1+13 h 413; Ator 80 weeks ~ In J-13 - In 413 in J-13 In 413 -'
.

p; g 4 .. 4 y 4 4 4
-

Nitrate, as N 2.8 2.8 224 154 179 264 224
Total Phosphorous, P 0.0 <0.1 0 0.5 0.6 1.1 0.7
Sulfate, SO. 192 23.5 1536 17,'S 2125 1975 2050
Chionde, Cl 6.4 5.5 512 423 495 750 675
Fluonde, F 1.7 1.8 136 81.5 85 144 125
Calcium, Ca : 12.0 10.0 960 2 2 2 3
Magnesium, Mg 1.7 1.5 136 <1 <1 <1 <1,

g- Sodium, Na 46.0 42.0 3680 2450 2950 4450 3500
u Potassium, K 5.5 6.3 440 240 200 380 230
'*

Aluminum, AI 0.0 <02 0 <02 <02 <02 <02
Soluble Silicon, Si 30.0 27.5 2400 605 990 1170 1105
Alkalinity. HCO, - 121.0 - 102.0 - 0 0 0 0
Alkalinity, Pnenolphthalein 0.0 0.0 - 2630 2990 4925 3820
Alkahnity Total 121.0 102.0 - 3750 4330 7150 5700
pH 7.0102 7.0102 >7.0 10.41 10.41 10.68 10.44

* Average Conceubation From Duplicate Samples.
NOTE: In all cases, J-13 well water was simulated.
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Table 5.7 Composition Of Preopitated * Salts" Following 80 Weeks Of Boil-Down Testing With Simulated J-13 Water At 90*C; ,

Average Of Dupl~cate Tests.
!

ALLOT W 1 -#
'

d n.gg:. AM,07(|34735E: - ALIAN CDA182i ALMWMSL M -

ac;. syy;
. q y .y .y; y; y . ;y ,, cy - -ry y r~ , .

. . . . . s

Al 034% - | 0.39% 031% - 0.40% --

| i.

Si 24.41 % 64.5 % 25.46 % 62.9 % 25.47 % 63.4 % 25.61 % 65 2 % |

,

4
i

Na 3.61 % - 3.74 % - 424% - 4.09 % -

!Mg 0.90% - 1.01 % - 1.09 % - 0.93 % -
<

! K 0.73 % 3.3 % 1.05 % 4.7 % 1.03 % 3.8% 0.93 % 3.0%

Ca 8.47 % 322 % 0.78% 32.4 % 10.42% 32.8 % 8.50 % 29.4 %
,

,

-
w ,

i

A

CACO (eq) 39.60 % - 3620% - 38.40 % - 35.60 % -

|
*

3

Sr 425 ppm - 390 ppm - 425 ppm - 395 ppm -

Ni 70 ppm - 55 ppm - 160 ppm - 215 ppm -
.

Cu 350 ppm - 1610 ppm - 65 ppm - <50 ;pm -

Fe - - - - 750 ppm - 1870 ppm -
,

'

Cr - - - - <20 ppm - 75 ppm -

i Mo - - - - <2 ppm - <2 ppm -

,

2.4 %i CI - - - - - - -

a EDS data normalized to 100%.
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6. DISCUSSION

The scopo of the overall NRC program at CC Technologies Inc. consisted of employing short torm
techniques, such as oloctrochemical and mechanical techniques to examino a wide rango of
possiblo falluro modos for the high lovel wasto canistor. Long term tosts woro used to verity and
further examino spocific failuro modos identiflod as important by the short torm studios.

Two classos of alloys woro ovaluated for use as container materials for the Tuff Ropository; Fo-
Cr Ni alloys and copper base alloys. The candidato Fe-Cr Ni alloys woro Type 304L Stainless
Stool (Alloy 304L) and Incoloy Alloy 825 (Alloy 825). The candidato copper base at:oys woro
CDA 102 Copper (Alloy CDA 102) and Copper 30 Nickel (Alloy CDA 715).

This roprt summarlzos the results of pitting, galvanic, and long term corrosion studios performod
in Tasks 4, G, and 7 of the program respectively.

6.1 Pittino-Corrosion Studies

Tho overall objectivos of Task 4 woro (1) to study the rotationships betwoon the pitting
paramotors E and E, and long term pit initiation behavior and (2) to ovaluato pit propagationg

behavior. The majority of the research in this task was performed on the copper base alloys but
limited pit initiation studios also woro performed with the Fo Cr Ni alloys.

6.1.1 Pit Initia,jlon Studios

in the pit initiation studios, the relationship betwoon the long term pitting bohavior and tho
electrochemical paramotors was assessed by potentiostatic-polarization tests. The specimens
woro polarized over a range of potentials betwoon the troo-corrosion potential (E.) and pitting
potential (E ) and the relationship betwoon the corrosion morphology and potential wasg

dolormined. The research was focused primarily on the copper base alloys. The earlier CPP
) studios, performed in Task 2 of the program, suggestod that the conventional interpretation of
) CPP curves is not appropriato for either Alloy CDA 102 or Alloy CDA 715. Hystorosis in the CPP

curves was not always associated with classical pitting, in many instances, hysterosis in the CPP
curves was associated with thick tarnish growth on the specimen and activo attack boncath the
tarnish.

For the pit-Initiation studios on the copper base alloys, environments woro selected from the Task
2 matrix that exhibited either hysterosis and pitting in the CPP tests or hysteresis and thick tarnish
growth with activo attack in the CPP tests, Results of the potentlostatic tests woro consistent with
the behavior observod in the Task 2 CPP tests. When specimens woro potentiostated for long
porlods of timo at potentials within the hysterosis loop, the morphology of attack of the specimens
was similar to that observed in the CPP tests, it also was generally observed that, in
environments that promoted tarnish growth, the potentiostatic current decreased with timo. On
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the other hand, in environments that promoted pitting, the potentiostatic currents generally
romalnod at high values during the testing. This behavior is consistont with the morphologies
observed. The high stable potentiostatic currents are indicative of high ratos of pitting or general
attack while the decreaso in currents with time are consistent with the growth of thich tamish
layors. Theso layers may grow very slowty over longer periods of timo as compared with passive
films which develop on stainioss stools.

A limited number of pit-Initiation studios was also conducted with Alloy 304L and Alloy 825.
Current wasto package designs for the Tuff Repository specify relatively thln walled containers.
Thus, if pits initiato, container falluto by pltting corrosion may occur within a relatively short timo
span. Accordingly, the resistance to pit initlation is critical for the adequato performance of an
Fo-Cr Ni containor.

Potentiostatic testing was portormed with each of the Fo Cr Ni alloys in several synthetic solutions
solected from the matrix of CPP tests in Task 2 of the program, in general, the results of the
Task 2 testing of the FO Cr Ni alloys conformed with a conventional interpretation of the CPP
curvos; namely the occurrence of hysterosis in the CPP curves corresponded with localized
corrosion (olther pitting or crovice corrosion) on the spedmons. Soveral Instances were noted
in the Task 2 studios where hystorosis in the CPP curves at nobio potentials was associated with
tarnish film growth as opposed to pitting. This behavior has been observod by the authors with
the Fo-Cr Ni alloys on other programs as well. It has boon speculated that the hysterosis is the
result of a catalytic offect of the tamish film on non Faradalo electrochemical reactions 19 the
solution, in Task 4, the potentiostatic tests woro portarmed on solutions that exhibited both types
of behavior; namely hysterests and pitting and hysterests at noblo potentials and tarnish growth.
The specimons woro potentiostated at potentials within the hysterosis region, in some cases,
pitting and crevice corrosion occurred in the potentiostatic tosts where only tarrelshing was evident
in the CPP tosts. Thus, the conventionalinterpretation of the CPP tests was accurate. However,
thoro were a few instances whero no locallzod corrosion occurred in the potontiostatic tests even
though slight hysterosis was present in the CPP tests.

Those interpretation problems with the CPP curves for the Fo-Cr Ni alloys may be only of
academic interest since the slight hystoresis, which was associated with tamishing, generally
occurrod at very nobio potentials, in any caso, they point to the nead to carefully interpret the
CPP curves and to factor a post test examination of the test spucimen into the analysis.

6.1.2 Pit Propacation Studios

The results of previous studios (Boavors 1991a, McCright 1985) have confirmed that pits readily
inillato in the coppor base alloys in the Tuff Repository environment. Accordingly, for a copper
container to provido adequate containment, it must be demonstrated that the rates of pit
propagation are low in comparison to the thickness of the container wall. In the pit-propagation
studios, exposures of simulated pits wore used to assess the rato of pit propagation as a function
of pit depth.

Four pit-propagation experiments woro performed with Alloy CDA 102 at 90*C in Solution
Number 22 using a simulated pit. The simulated pit was created by insorting a small-diameter
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rod of Alloy CDA 102 Into a hoto insido a largor rod of the same alloy at a variablo dopth. Two
diameter todepth aspect ratios were evaluated 1:5 and 1:2. The artificial pit was packed with
corrosion products gonorated from anodic polarization of Alloy CDA 102 in Solution Number 22
in three of the experiments. Solution Number 22 was choson as it was shown to promoto pitting
of specimens of Alloy CDA 102 In previous CPP tests. During the tests, pit propagation was
stimulated olther by adding 200 ppm H,0, daily to tho test solution or by potentiostating the BES-
pit specimen couple,

in each of the experiments, the potential of the pit was more positive than the potential of the
bokfly exposed surface (BES) specimen, prior to addition of H,0,, and the pits did not propagate,
based on the direction of current flow. Current transients Indicative of pit propagation occurred
following each H,0, addition but these were not sustained. As the H,0, degraded, the rate of

l propagation rapidly decreased. Gravimetric measurements of the specimens following testing
| confirmed that pit propagation had occurrod in the presence of H,0, The corrosion rate of the

pit specimen in the first experimont was 205 pm/yr while inat of the DES specimen was 19.9
pm/yr,

in two subsequent pit propagation losts, the BES-pit couple woro potontlostatically polarized at
potentials abovo E, in order to sustain pit propagation. The value of E. was determined from
previous CPP tests performed in Task 2 of the program. The potentiostatic approach was found
to sustain pit propagation, based on current and vroight loss measuromonts. Comparison of pit
propagation experiments, performod under potentiostatic control, at the two pit diamoter to depth
ratios (1:5 and 1:2), Indicated that rates of propagation woro higher for the shallower pit. This
behavior was expected and providos further confirmation of the experimontal technique.

One exporimont was performod to ovaluato cuprous oxide (Cu,0) as a packing pasto. The Cu,0
was choson to simulato the corrosion products in a reduced stato, as the original corrosion
product pasto was thou0ht to be too oxidizing based on the results of the first experiment.
However, galvanic current was not measurable and the experimont was terminated after 16 days.
Optical examination of the specimens following the exposure revealed no evidence of attack of
olther the pit or DES specimons. The packing paste was a hard, dry powder inside the pit cavity
following the exposure. The hydrophobic naturo of the Cu,0 resulted in the hard, dry pasto which
offected a very high resistance that ultimately inhibited galvanic current flow.

Results of CPP testing performod in Task 2 of the program showed that pits initiato in Alloy CDA
102 within the experimental rango of possible groundwater compositions. The results of the four
pit-propagation experiments show that their propagation may be limited in the absence of
oxidizing speclos such as H,0,. However, H,0, is a chemical species that has been shown to
occur as a result of irradiation of the J 13 groundwater. Other oxidizing species also will be
present. Those oxidizing species,11 present in sufficient concentrations, will promote pit

,
propagation in Alloy CDA 102. Sufficient testing was not performed to well charactertze the

'

kinetics of propa0ation but the limited testing performed suggests that ratos will decrease with
depth. However, one aspect of the testing that could not be addressed, without the use of hetual
radiation, is the generation of oxidizing spectos within the pit. In situations where the container
wall is shloiding the radiation, the rate of pit propagation may be significantly affected by the

| generation of radiolysis products at the bottom of the pits.
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6.2 Galvanic-Corrosion Sty _d_in

Galvanic corrosion studios woro conducted in Task 6 of the overall program. Tho purpose of
Task 6 was to exploro failure modos that are likely to produce accolorated ottack and load to
premature failure of the wasto containor. Two modos of failuro woro identified for examination
in this task: Thermogalvanic couplos and borohoto linor container interactions.

62,1 Thormoanivanic Coyptos Experimonts

For a singlo container, it is likely that a temperaturo differential will exist from one portion of the
surfaco to another. This temperaturo difforontial will produce a potontial distribution on the
containor surfaco that es.O result in a differential coil 00uplo similar to a galvanic couple of
dissimilar metals. This 'thormogalvanic couple * may accelorato the corrosion rato of that portion
of the container having the more negativo potential. The focus of this subtask was to estimato
tho accolorating offect of thermogalvanic couplos on the corrosion rato of Alloy CDA 102 and
Alloy 304L. No thermogalvanic-couples experimonts woro performod with Alloy CDA 715 or Alloy
825.

In each of the throo experiments, an unhonted (isothermal) Specimen was electrically coupled to
an Internally heated (hoat-transfor) specimon. The galvanic current flow betwoon the two was
monitorod as a function of time. Porlodically, the specimens woro uncouplod and the froo-
corrosion potential and polarization resistance of each specimon woro measurod. For specimens
of Alloy CDA 102 oxposed to simulated J 13 well wator, thoto was an increase in galvanic curront
as the temporaturo diflorentialincreased, although the magnitudo of the current was very small,
loss than 0.7 pm/yr of general corrosion. The direction of the curtont was such that the corrosion
rato of the isothermal specimen was being accolorated by the couple. The addition of 200 ppm
H,0, increased the magnitudo of the thormogalvanic current but the offect was transient; the H,0,
rapidly decreasod.

Two thermogalvanic-couples experiments woro performed with Alloy 304L Those two tests
evaluated the corrosion behavior in simulated J 13 well water and in Solution Number 7 a
solution previously shown to promoto pitting of Alloy 304L. For specimens of Alloy 304L exposed
to the simulated J 13 well water, there was a chango in polarity as the temperaturo differential
increased. At low temperaturo differentials, the isothermal specimen was anodic (corroding). At
greator temperaturo differences, the heat transfer specimen became anodic. Again, these
curronts woro very low, less than 0.005 pA/cm' in the absence of hydrogon peroxide. Daily
additions of 200 ppm hydrogen peroxide (H,0,) produced small current transients. The direction
of those current transients showod the heat transfer specimen to be anodic. Gravimetric
measutoments showed general corrosion rates of 0.17 pm/yr and 3.95 pm/yr for the isotherrral
and heat-transfer specimens, respectively. Optical examination revealed the absence of visible
attack at 30X magnification. Both thermogalvanic offects and accolorated attack as a result of
the higher temperaturn may have contributed to the corrosion.

Tho second thermogalvanic-couples experiments with- Alloy 304L was performed in Solution
Number 7. In this experimont, the galvanic curront was negligible and approached the detection
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limits of the test equipment in the absence of H,0,. The first H,0, addition promoted pitting of the
heat transfer specknen, as was ovidonced by galvanic current spikes and the development of
rounded aros of rust on the specimon within 24 hours of the H,0, addition. The initiation of pits
also caused the potential of the galvanic couplo to drop to 10Vols that approachod the protection
potential for this alloy onvironment system. Subsoquent additions of H,0, showed only minor
fluctuations in galvanic curtont which may indicato that the initial pits passivated. Corrosion ratos
dolorminod from polarization resistanco measutomonts, performed after the final addition of H,0,,
woro consistent with corrosion ratos dolorminod from wolghtloss measuromonts. Gonoral
corrosion ratos woro found to be less than 0.078 pm/yr and 0.41 pm/yr for the isothermal and
heat transfor specimens, respectively. Opticaloxamination of the specimens at 30X magnification
showed no visible attack of the isothermal specimon, but numerous pits and localized etching on
the heat transfer specimon,

in summary the results of those tests ludicato that thermogalvanic corrosion may affect corro61on
performance of the wasto containers in the prosonce of oxidizing radiolysis products. The
direction of the galvanic offect may be different, doponding on the alloy onvironmt;nt system
examinod. Considoring the two alloys ovaluatod! the corrosion attack of the cooler Isothormal
spoeirnon of Alloy CDA 102 was consistently accolorated by the thermogalvanic offect. On the
other hand, for Alloy 304L, the heat transfor specimon generally exporlonced accolorated attack
as a result of thormogalvanic corrosion. However, the major offect still appears to be an increaso
in ratos of attack (gonoral or pitting corrosion) with increasing temporature.

4

6 2.2 Botoholo Linor Contajner interaction Studios

Boroholo linor-containor intoraction studios woro conducted to ovaluato the offects of metal to-
metal contact of the linor and container materials. The initial designs for the Tuff Repository
proposed Alloy 304L and carbon or low alloy stool as the container and liner materials,
respectively. The focus was lator shifted to Alloy 825 and Alloy 304L as the container and linor
materfals. The purpose of those liners is to facilitato retrieval of the waste containers over a 50-
year parlod following their emplacement. For the current repository design, !!is probable that the
liners and containers will be in direct contact, resulting in possiblo galvanic attack.

Galvanic attack is normally considered to be the accolorated attack of the loss noble member of
a dissimilar metal couple. However, evidence in the Utcrature Indicatos that the loss noble
member of the couple can promoto accolorated corrosion of the more nobio member by creating '
an a0grossivo environment in the crevice betwoon the two alloys.

Sandwich liko specimens of Alloy 304UC1010 carbon steel and Alloy 304UAlloy 825 woro
evaluated in this subtask. The first experiment was performed with Alloy 304UC1010 at 90'C in
simulated J 13 well water and was primarily an ovaluation of the experimental design and was
found to yloid erroneous data. As a consequence, the experiment was modiflod for subsequent
tests,

in the revised experiments, a microcapillary tubo was inserted through the face of one of the
specimens to act as a Luggin probe. The actual experimontal procodure was similar to that used >

In the thermogalvanic experiments. The coupled potential and galvanic current flow betwoon the
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two specimens was monitored as a function of time. Porlodically the specimens woro uncouplod
and the frees:orrosion potentials and polarization resistance of each specimen were measured.
In the PR measurements, the opposing specimen was used as a counter electrode in order to
polarize the region of the specimen with the crovice.

Galvanic experiments were performed with the Alloy 304t/01010 carbon steel couple in simulated
J 13 well water with and without the addition of 1000 ppm Cl. In both tests, the carbon steel
specimen experlonced high corrosion rates, around 400 pm/yr based on wonght loss, while
negligible attack of the Alloy 304L (less than 0.5 pm/yr) occurred. These results were consistent
with the electrochemical measurements performed during the tests. There was no evidence of
accelerated corrosion of the Alloy 304L during the course of the tests.

The fourth and fifth experiments were performed with Alloy 304L and Alloy 825 as the linor and
container materials, respectively, in the fourth experiment, these alloys were ovaluated in
simulated J 13 well water at 90*C. Gravimetric measuroments and optical examination of the
specimens woro performed after 2019 hours of exposure. Corrosion ratos calculated from the
weight loss technique woro 0.24 pm/yr and 0.57 pm/yr for the container and linor materials,
respectively. Nolthor specimen showed any visible attack at 30X magnification. Thoso results
woro consistent with the galvanic current and PR measuromonts made throughout the exposure
porlod.

Specimens of Alloy 304L and Alloy 825 woro evaluated in Solution Number 10 at 90'C in the fifth
experiment. Solution Number 10 was chosen from the experimental test matrix based on CPP
behavior. Those CPP curves showed a largo hystorosis loop for Alloy 304L in Solution Number
10 which was cons!stont with pitting and crevice attack of the specimon. No hystorosis or
evidence of attack occurrod as a result of CPP testing of Alloy 825 in Solution Number 10.

This final experiment was terminated after 2021 hours of exposure. General corrosion rates,
calculated from weight-loss measuromonts, were found to be 0.88 pm/yr and 1.57 pm/yr for Alloy
825 and Alloy 304L, respectively. Nolther specimen showed any visible attack at 30X
magnification. The discrepancy betwoon pitting observed on a specimen of 304L following CPP
tests and the absence of attack following galvanic coupling may be explained by their potential
measutomonts. Throughout the exposure in this fifth experiment, the corrosion potentials of Allo)
?O4L ranged betwoon 150 mV (SCE) and -100 mV (SCE) which is considerably less than Eg
(+700 mV (SCE)) and close to E,,,( 120 mV (SCE)).-

In summary, in those borehole linor-container interaction tests, thoto was no evidence of
accolorated corrosion of the more noble member of the galvanic couple: the loss noble member
of the couple consistently exporlenced galvanic corrosion. However,in the case of the Alloy 304L

Alloy 825 couple, the environment was not sufficiently aggressive to promoto significant attack
of Alloy 304L, which is necessary for the crevloe corrosion mechanism to operate.

6.3 Lona-Term immersion Studies

Long-term Immersion tests woro conducted in Task 7 of the program. The purpose of those tests
was to provido long-torm exposure data for evaluating the various modes of corrosion identified
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In other tasks of the program. The tests were designed to assess the performance of the
candidate alloys at times when the temperature of the repository is near the bolling point of water
and periodic intrusion of vadose water occurs. These tests differed from those performed in Task
3 of the program in that evaluation of the effects of concentration of salts in the groundwater on
corrosion behavior was included. The tests were performed on the four candidate alloys in
simulated J 13 well water at 90*C over a period of 80 weeks. During the exposures, the solutions
were allowed to evaporate and new solution was added on a weekly basis. The experiments
included constant strain (U-bend) specimens to evaluate SCC, weight loss specimens, and non-
destructive electrochemical techniques. The electrochemical techniques included periodic
potential and polarization resistance measurements.

Corrosion rates, calculated from weight-loss measurements, after 23.8 weeks (4000 hours) of
exposure were less than 0.2 pm/yr for each of the alloys except Alloy CDA 102 which had a
corros' n rate of 1,11 pm/yr. After 80 weeks, Alloys CDA 715,304L and 825 all showede
corrosion rates of less than 0.005 pm/yr, whereas Alicy CDA 102 showed a corrosion rate of 0.45
pm/yr. No SCC was evident on any of the U band specimens of the four alloys. Alloy 304L and
Alloy 825 also exhibited no evidence of localized corrosion (pitting or crevice corrosion) in the
exposure tests. However, some localized corrosion was evident on specimens of Alloy CDA 102
and Alloy CDA 715. The latter alloy experienced shallow etching while Alloy CDA 102
experienced deep etching, up to 32 um, and shallow pitting,10 um in depth.

Following the termination of the long term boll down tests, solution and deposit samples were
obtained from the test vessels and analyzed, it was found that,the compositions of the test
solutions woro very similar and slightly less than the calculated composition (based on fully
evaporating the solution weekly), with a few exceptions. These exceptions in composition
included calcium, magnesium, silicon, and bicarbonate, which were found in the precipitates
present in the test vessels,

j Table 6.1 is a comparison of the corrosion data for each of the four alloys exposed to simulated
J 13 well water in Tasks 3 and 7. The exposure tests pericrned in Task 3 were similar to those
performed in Task 7 with the exception that the Task 3 tests were shorter in duration and did not
consider solution concentration. These data suggest that uniform concentration of ionic species
in simulated J 13 well water does not appear to be detrimental to the corrosion behavior of the
candidate alloys and, in fact, the more concentrated groundwater appeared to be less aggressive,
from the standpoint of general corrosion, than the dilute simulated J 13 well water.

Although very low corrosion rates were obtained, these tests do not fully simulate actual
repository conditions because of (1) rock-water interactions, (2) the absence of radiolysis, and (3)
Interaction of the groundwater with species from failed containers.
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Table 6.1 Comparison Of Corrosion Ratos, Calculatod From Gravimetric Measurements. For
Creviced Coupons Of Each Of The Four Alloys bposed To Simulated J 13 Water;

in Tasks 3 And 7.

'

,
. Correden .: ( , c

g g
1.lght etc*f '; a few shallow

Immersion 2024 2.48
* * '

CDA 102
Heavy etching; sihht pitting

Boll Down 4033 1.16 on one specimen.

Considerable etching;
Immersion 2024 0.17

*" * * ' " " " *
CDA 715

Localized etching at crevice.BollDown 4034 <0.2
Very slight scaling.

Blue Interference films; light
immersion 2039 <0.2 etching near crevices;

825 several small pits.
1

No attack, very slight scaling.Boll Down 4056 <0.2

Blue interference films; light
immersion 2039 <0.2 etching and scaling near

304L crevices.-

No attack, slight scaling.Boll Down 4034 <0.2
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7. CONCLUSIONS

9 Pit Initiation studios of the coppor-base alloys confirmed that standard interpretations of
CPP tests are not always appropriato in the presence of thick oxide layers. Hysterosis
in CPP tosts may not always be Indicativo of pitting.

9 Pit initiation studios of the Fo Cr NI alloys confirmed that, in gonoral, the Gandard
interpretation of the CPP curves appears to be accurato. However, slight hystorosis at
noblo potential may, in some instancos, be associated with tarnish film growth, as
opposed to pitting.

9 Pit propagation studios with specimens Alloy CDA 102 showed that, if pits initiato, their
propagation may be limited in the absence of an oxidizing speclos such as hydrogen
peroxido (H,0,),

9 Ono possible radiolysis product, H,0,, was found to significantly promoto pit propagation'
of Alloy CDA 102 in a simulated groundwater solution.

9 Galvanic corrosion caused by temperaturo difforoncos on the surface of the wasto canister
may accelerato carrosion in the prosonce of radiolysis products. The direction of the
thormogalvanic offect (whethor the corrosion roto of the higher or lower temperature
portion of the canister is accolorated) appears to be a function of the alloy onvironment
system considered.

.

9 Thermogalvanic ottocts on corrosion were, in gonoral, minor in comparison to the
doloterious offect of increasing temperature on corrosion rato.

9 in borehoto liner container interaction studios, performed with Alloy 304L C1010 and
Alloy 825 Alloy 304L galvanic couples, there was no evidence of accolorated corrosion
of the noblo member of the couple. The activo member of the couple consistently
exporlonced accolorated corrosion, which is the expected behavior for classical galvanic
corrosion.

9 Long term, boll-down studios showed negligiblo general corrosion ratos (<0.005 pm/yr) for
Alloys 825,304L, and CDA 715 following eighty wooks of exposure in concentrated
simulated J 13 well water at 90*C. Alloy CDA 102 exporlonced a gonoral corrosion rato
of 0.45 pm/yr in this environment.

No SCC of U-bond specimens of any of the four alloys occurred following eighty wooks9

of exposuro in concentrated simulated J 13 well water at 90*C in the long term, boil-down
tests.

O Alloy 304L and Alloy 825 oxhibited no evidence of localized corrosion (pitting or crevice
corrosion) in the long term boll down tests. However, some localized corrosion was
evident on specimens of Alloy CDA 102 and Alloy CDA 715.
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8. RECOMMENDATKMf8 POR FURTHER RESEARCH |

|

!.

O Pif propagation testing needs to be pursued with other candidate alloys. Emphasis needs
,

to Os placed on the propagation of pits in the Fe-Cr Ni alloys, if pits initiale in these !
alloyW. container failure by pitting corrosion may occur in a relatively short period of time.

9 The influence of major parameters such as pit geometry and radiolysis on pit propagation
needs to be well characterized.

9 The electrochemical techniques for studying pit propa0ation need to be confirmed by
means of long term exposure tests.

3

9 Therm 0 galvanic testing needs to be expanded to help verity if thermogalvanic coupling-
willIndeed accelerate the corrosion rate of the cooler part of the canister. This type of
testing needs to be expanded to include Alloy CDA 715 and Alloy 825 and testing with
each of the four alloys in various simulated environments. Long term testing also needs-
to be considered.

,

O Borehole liner container interaction testing needs to be expanded to evaluate more
aggressive simulated repository environments. '

S Long term exposures need to be performed with candidate alloys in environments that
'

consider all of the factors that are established to affect the repository environment. These
t

Include concentration of the groundwater at the heated container surface, radiation, rock- i

groundwater interaction, corrosion product groundwater interaction, and interaction of the
groundwater with actual high level waste from breached containers.

;

;

i
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APPENDlX A

THE POTENTIODYNAMIC POLARIZATION
TECHNIQUE FOR CORROSION EVALUATION,

!

The cyclic-potontlodynamic polarization (CPP) technique was used in this project to provide an
understanding of how the specific variables such as environmental composition, temperature, and
alloy composition affect the gonoral and pitting corrosion behavior of the alloys in simulated
repository environments.'

In the CPP proceduro, the polarity and magnitude of the current flow between a specimen of the
rnatorial 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
ratos of spurious oxidation reactions are negligible, i

Schematics of anodic polarization curves showing several types of behavior are given in
Figure A.1. For the activo corrosion caso, the anodic curve is linear on an E log I plot, and the
forward and reverso scans are coincident. The presonce of a peak in the anodic portion of the
curve, followed by decreasing current, is generally indicative of the onset of passivation. The
occurronco of hystoresis betwoon the forward and reverse scans is indicative of pitting. Whore
the hysterosis loop is very largo, the protection potential may be very close to the opon circuit
potential, Indicating a high probability of pitting in that particular environment.

The polarization behavior of the alloys was determined using conventional polarization techniques.
The specific polarization equipment used for thoso experiments included a Princeton Applied
Research Model 273 potentlostat coupled to a computer data acquisition system or a Santron
Electrochemical Measuring System. A two compartment electrochemical cell was employed that
utilized a saturatod calomol reference electrode (SCE) and a platinum counter electrode (Figure -
A.2). Originally, it was planned to use a throo-compartment cell (working, counter, and reference
compartments), but the rolatively high resistance of several of the solutions provented its use, and
the two-compartment cell was used for all tests. The working electrode specimens were
cylindrical rods that were drilled, tapped at one end, and scaled off using PTFE gaskets. The
specimens were typically 1.3 cm in length with the diamator depending on the metal being tested,
The electrodos were polishod with successively finor grados of silicon carbide paper, finishing v'ith
a 600-grit grado.

A typical experiment consisted of sotting up the cloctrochemical cell containing the test solution.
The test solution was slowly brought up to the desired temperature while being sparged with the
desired gas. The specimen was immorsod in the heat solution after sparging for 1 to 2 hours.
The specimen was exposed to the test solution under frooly corroding conditions for 16-24 hours
to permit steady-stato conditions to be achloved.

The working cloctrode load was connected to the test specimon while the auxillary (countor)
cloctrodo load was connected to an inert electrodo (platinum wire) placing in the test cell. The
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Figure A.1 Schematic Of Typical Cydlo Potentlodynamic Polarization Curve,

E = corrosion potential; E = potential at which pits initiate on forward scan; E .g
= potential at which pits repassivate on reverse scan; I, = current density at tfie
free-corrosion potential; i. = current density at active peak; t, - current density
in passive range,
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reference electrode lead was connected to the reference electrode which comm ulcates with the
test cell electrolyte through a small diameter tube filled with clectrolyte, 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 polarizatiori curves were obtained by scanning at a rate of 0.6 V/h
and beginning the scan approximately 100 mV (SCE) more negative than tne free-corrosion
potential. The cerrent for the anodic curve was scanned until a current density of approximately
2 x 10'' Ncm' was attained; the potential scan was then reversed until repassivation occurred and
the curiont changed polarity, becoming cathodic. In those cases in which the current density did -
not attain 2 x 10' Ncm', the potential scan was reversed at a critical potential of 1.2 volts relative '

to E ,

After completion of the polarization scans, the following polarization parameters were obtained
from the polarization curves of potential (E) versus logarithm of current density (log 1) when
applicable: 1., E., I,. E, or E., E, or E,,, l., and E . Tafel slopes could be obtained from
the polarization curves if desired. The specimons were also optically examined at 30X
magnification following 'n) scan as a comparison for the corrosion behavior observed from the
polarization curves. '
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APPENDIX B

ENVIRONMENTAL TEST MATRIX:
A STATISTICAL APPROACH

Synthetic environments wh!ch, historically, h tva been used to simulets fie!d cond?t!ons 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 effects among multiple variables. In this project, a statistical approach is
used that was specifically designed to examine corrosion behavior in complex environments
(Koch, et al.). By using a statistically based experimental design, a mathematical expression is '

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 inciude main-effect terms (linear), two
factor Interactions (cross products), and quadratic terms. High-order terms, such as three-way
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 effect terms or two-
factor interaction terms. Because of the large number of solution variables (15), and the large
number of alloys (4) being examined in this study, it was decided that the most effective approach
was to determine the main effect 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 begin to
determine the two-factor interactions and quadratic terms. To estimate the main-offect terms of
the variables, a Resolution IV experimental design was selected, in this design, each
environmental variable has a high and low level. Thirty-six high-low combinations are required
to determine the main-effect terms for 15 variables.

The initial stop was to define the solution variab!es of interest for inclusion into the test matrix.
Table B.1 presents the compositional ranges of important environmental species for (1) Tuff well
water, (2) Tuff groundwater heated to temperatures 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 Table 8.1.

,

i
The 15 environmental variables that were included in the experimental matrix and their high and
low concentrations are given in Table B.2. The 15 variables selected for examination in the Task
2 tests included 12 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 15 -,

'

environmental variables listed in Table B.2 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 and to perform a few experiments separately to establish its effect. A

i complete summary of the solution matrix investigated during the entire 3.5 year program is
| outlined in Table B.3.

| 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 1985, Glass 1986 Oversby 1983, Yunker-1986, et al.).
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Table B.1 Concentration Ranges For Environmental Species in Tuff Groundwater.

* *
:ja L.m' Concentration Range Of ConcentreMon Range Of"

'f1. .. J HominalU ? Groundwater Hested To enmndwater Hested To
Environmental . Cont.cntrollon Of : : 09 200'C With Tuffi 90180'C in Presence of
'1Vertelde .Well Water," mg47 R o ck," # m g4 ( ~ ' Medlellen#img4 L

.

8.3 7.6pH 7.6 5.8 9.0--

394 1.05 3.10SiO, 58 29 --

HCO,' 125 45 21195 8.1 --

F' 2.2 2.2 1.44.4 0.38 --

CI' 6.9 6.5 5.88.9 2.5 --

NO,' 9.6 8.5 16.8 2.5 18.8- -

SO'' 18.7 13.3 22 1.8 6.2- -

N O,' 0.7 3.81.5 1.2- - -

4.85H,0, 0- - -

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

Fe'* 0.006 <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- -

K' 5.1 3.2 19.4 2.4 4.8- -

Na* 44 35 74 2.8 36- -

(a) Knauss,1985.
(b) CNersby,1983.
(c) Yunker,1986.
(d) Glass,1985.
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Table B.2 List Of Variables included in The Matrix Of Potentlodynamic Polarlzation Tests in
Task 2.

*: J : Test Matrid i . test Met IEh flominalt,
.

Vertelde Varleble ~ High Copeentration Low Conoemretion Concentregon
Number L Neme:' Origin: ' ' ' mg4':* *

.. :mg4 Of J 13img4

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 N O,' J 13 1000 0.2 9.6

6 N O,' Radiolysis 200 0 -

7 -H,0, Radiotysie 200 0 -

8 Ca+ J 13 20 0.004 12

9 Mg'* J 13 20 0.004 1.9

10 Af* J 13 0.8 0.0004 0.01

11 POy J-13 2.0 0.01 0.12'

12 Oxalic Acid Ra@k 172 0 -

13 o, Open Repository
and Radiofysis 30,, 5,, -

J-13
14 Temp

_

15 pH
10 5 7.6

* McCright, R. D. FY 1985 Status Report, UCID-20509, September 30,1985.
** Volurne %.
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Table B.3 Series Of Tests included in The Matrix Of Potentlodynamic Polarization Tests in
Task 2.

.M .

4 g eg. y y.. g w
TimpTest

_ 1.m .- c

4
- Outo

. _ . .g 1.c ; p
,

w g g : p7 y :

1 2.2 0.4 200 1000 1000 200 200 0.8 0.004 0.0004 0.01 0 5 90' 5

2 22 2000 200 1000 1000 0 0 0.004 0.004 0.8 2.0 172 5 50 5

3 215 0.4 - 0.04 02 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 2.2 04 200 02 02 0 200 0.8 0.8 0.6 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 22 0.4 0.04 1000 02 200 200 0.004 0.004 0.0004 2.0 172 30 50 10

10 2.2 2000 0.04 1000 0.2 0 0 0,8 0.004 0.8 0.01 0 30 90 10

11 215 0.4 200 02 0.2 200 0 0.004 0.004 0.8 0.01 172 5 90 10

12 215 2000 200 0.2 0.2 0 200 0.8 0.004 0.0004 2.0 0 5 50 10

13 2.2 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 02 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 56 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 0.2 0 0 0.004 0.8 0.8 2.0 172 30 50 10i
18 215- 0.4 0.04 0.2 0.2 200 200 0.8 0.8 0.0004 0.01- 0' 30 90 10 '
19 2.2 2000 200 1000 02 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 10

22 215 0.4 0.04 1000 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 2.2 0.4 200 0.2 1000 0 0 0.8 0.004 0.0004 2.0 172 30 90 10

25 215 2000 200 02 1000 0 0 0.8 0.8 0.8 0.01 0 5 90 5

26 2.2 0.4 200 02 1000 e00 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 0.8 0.004 0.0004 0.01 172 30 50 5

30 215 0.4 200 1000 0.2 0 200 0.004 0.004 0.8 2.0 0 30 90 5 *

31 2.2 2000 0.04 02 0.2 200 200 0.8 0.004 0.8 2.0 172 5 90 5

32 2.2 0.4 0.04 0.2 02 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 02 0.2 1.3 43 15 70 7.5

35' 108- 500 50 250 250 50 50 02 02 0.2 1.3 43 15 70 7.5

36' 108 500 50 250 250 50 50 0.2 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 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

0 50 20 20 0.5 1.3 50 15 70 540 108= 500 50 250- 250 5
<- 108 500 50 250- 250 50 50 20 0.1 0.5 1.3 50 .15- - 70 10

42 108 500 50 250 250 50 50 0.1 20 0.5 1.3 50 15 70

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

of reproducibility of the CPP Tests.
* Simulated J-13 well water.
+ Simulated J 13 well water containing 1000 ppm Cl .
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Silicon dioxide, SiO,, is present in the J 13 well water at a concentration of 58 mg4. Data by
Knauss 1985 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-
1986 found that the concentration of SiO, decreased to a value of 1.1 to 3.2 mga. Because of
this, a low concentration of 2.2 mg4 was selected. A high concentration of 215 mg/l provides a
factor of 100X between the low and high concentration examined. Also, the 100 mg/l
concentration is likely to exceed the solubility limit such that the high concentration primarily
insures that saturation is attained during the high concentration tests. Silicon dioxide was added
to the %3t co!ut'ons as 3!!!cic acid.

-

Bicarbonate, HCOi, 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

j to 190 mg/l while radiation tended to decrease the concentration to 8 20 mg/l. Therefore, a low
'

concentration of 0.4 mg4 was selected and a factor of 5000X was used to provtle a high
concentration of 2000 mg/l. Bicarbonate was added to the test solutions as sodium bicarbonate.

1

Fluoride, F, is present in the J 13 well water at a concentration of 2.2 mga. Heating in the
presence of Tuff rock resulted in a very slight increase in fluoride concentration. Radiation
produced a slight decrease in fluoride concentration to 0.41.4 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 fluoride.

Chloride, Cl, is present in the J 13 well water at a concentration of 7 mg4. 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 decrease in the chloride concentration to 2.5 5.8 '

;

mg/1 The low concentration was selected at 0.2 mg/l and a factor of 5000X increase provides
a high concentration of 1000 mg4. Chloride was added to the test solution as sodium chloride.

Nitrate, NOi, is present in the J 13 wel: water at a concentration of 10 mg/l. 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 mg/l. Thereby, no
systematic increase or decrease in the nitrate concentration was observed. The low
concentration-for nitrate was selected at 0.2 mg4 and a factor of 200X provides a high
concentration of 1000 mg/1. Nitrate was added to the test solutions as sodium nitrate.

Nitrite, NOi, is a radiolysis product which has been shown to achieve concentrations from 0.7 to '

3.8 mg/1. The low concentration for nitrite is zero. A high concentration of 200 mg/l was selected
and is approximately 50X the concentration indicated by Yunker (1986). 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 provides a factor of approximately 40X over the concentration
indicated by Glass (1986).

Calcium, Ca'*, is present in the J-13 well water at a concentration of 12 mg/1. 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 mg/l. In the presence
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of radiation, the concentration of calcium decreased to 2 9.8 mg/l. 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 calclum sulfate, one-half hydrate.

Magnesium, Mg'', is present in the J 13 well water at a concentration of 1.9 mg/l. The
concentration of magnesium changed little when the J 13 well water was heated in the presence
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 cencont ation of 20 mgA. Magnnciem was added to the test solutions as magnesium sulfate,
seven hydrate.

Aluminum, Al**, e present in the J 13 well water at a concentration of 0.01 mg/l. Upon heatbg
the J 13 well water in the presence of Tuff rock, the aluminum concentrat'on increased to 2-3
mg/l. In the presence of radiation, the aluminum increased to 0.18 mg/l Therefore, a much
larger range of concentration was observed for aluminum than was observed for other species.
Thoreby, 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/I. 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, exalic acid was selected as the organic acid to
examine. The low concentration of oxalle 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 airtight sealing arrangement is proposed for the repository. It is likely that the
concentration of O, could be somewhat less than that normally occurring in air and, on the high
side, could be greater than that occurring in air due to radiolysis. The low concentration of O,
was selected at 5 volume percent and the high concentration at 30 volume percent.

Because the repository design will not permit any significant pressure buildup, the aqueous phase
corrosion, which is being examined in this task, has a limiting temperature at the bolling 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 controlled relatively easily and accurately in the
laboratory.

The pH of the J-13 well water is slightly alkaline, having been reported at pH 7.6. Upon heating
of the J-13 well water 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.
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For balancing the solution chemistry, sodium and sulfate, as well as the nitrogen concentration
of the purging gas, was be permitted to vary.

.

|
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Table F.1 Comparison Of Polarization Parameters For Moy 304L in 90'C Simulated J 13
Well Water Containing Various Types And Concontrations Of Salt.

CNorWe --

*V, V, V, E Commente

1 000 Nacl .231 0.11 + 0.300 0.059 Pitting, Irkloscent film, and
and crevice attack.

__

10 000 Nacl .241 0.13 +0.163 0.122 Pitting, iridescent film, and
crevice attack.

100 000 Nacl .224 0.20 0.224 0.330 Pitting and crevice attack.

10 000 CACI, .163 0.05 + 0.026 0.140 Pitting and crevice attack.

--
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Table F.2 Comparison Of Polariration Parameters For Alloy 825 in 90*C Simulated J 13 Well
Water Containing Various Concentrations Of Satt.

- Ctnetido-
.tConcenteethm CNorlde

.

WAlcm' V, V, E Commente
u

ppm Type. V.

1 000 Nacl 40.083 0.30 +0.355 0.190 tridoscent oxide, pitting arxi
etching, crevice attack.

10 000 Nacl 0.041 0.60 +0.205 0.068 trkloscent oxide, pitting ard
crevice attack.

100 000 Nacl 0.300 0.10 0.044 0.250 Pitting and aovice attack.

-- .

10 000 CaCl, -0.241 0.12 +0.242 0.150 Pitting and Govice attack.
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Table G.1 Candidato Alloy Compositions Of Specimens Ussd For The Pit Initiation Studios.

.-
___

..

ELEMENT CDA 102 CDA 718 1825 304L
-

Cu 99.99 % 67.17 % 1.90 % 0.190 %

NI 31.78 % 43.98 % 8 87 %-

Fo 0.46 % 26.90 % Datanco-

Cr 22.70 % 18.22 %- --

Mo 2.92 % 0.170 %- -

Mn O rr. 0.37 % 1.21 %-

C <0.01 % 0.02 % 0.021 %-

S <0.01% 0.004 % 0.023 %-

Zn 0.01 %- - -

P <0.01 % 0.026 %- -

Pb <0.01 %- - -

Si 0.08 % 0.520 %- -

Al 0.06 %- - -

Ti 1.07 %- - -

Co - - - -

N 0.066 %- - -

198 -
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Tablo G.2 Candidato Alloy Compositions Of Specimens Usod For The Pit Propagation
Studios.

ELEMENT CDA 102

Cu 99.99 %

NI -

'
Fo -

Cr -

Mo -

Mn -

C -

S -

Zn <1 ppm

P 2@m

Pb 4 ppm

SI -

Al -

Ti -

Co --

N -

109 -
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Tablo G.3 Candidato Alloy Compositions Of Specimens Usod For The Thermogalvanic-
Couplos Dporiments.

ELEMENT CDA 102 304L

Cu 99.99 % 0.41 %

NI 9.21 %-

Fo Balanco-

Cr 18.51 %-

Mo 0.30 %-

Mn 1.45%-

C 0.017 %-

S 0.004 %-

Zn <1 ppm -

P 1 ppm 0.026 %

Pb 2 ppm -

SI 0.68 %-

Al - -

Ti - -

Co - -

N 0.034 %-

- 200 -
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Tablo G.4 Candidato Alloy Compositions Of Specimens Usod For The Borohole Liner.
Containor Interaction Studios.

--_

y

ELEMENT C1010 1625 304L

1.71 % 0.33 %Cu -

42.03 % 8.86 %Ni -

Fo Balanco 29.84 % Balanco

21.96 % 10.18 %Cr -

3.17 % 0.24 %Mo -

Mn 0.38 % 0.41 % 1.68 %

C 0.08% 0.01 % 0.03 %

S 0.012 % <0.001% 0.018 %

Zn - - -

P 0.022% 0.026 %-

Pb - - -

SI 0.17 % 0.54 %-

Al 0.05 %- -

Ti 0.65 %- -

Co 0.15%- -

N 0.066 %- -

201
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Tablo G.5 Candidato Alloy Compositions Of Specimens Usod For The Long Torm Boll.Down
Tosts.

-- . . - - .a-
CDA 102 CDA 715 1825 304t.

Elornord
Coupons U- Benda Coupons U Bends Colpons U Bends Coupons U Dends

Cu 99.99 09.95 68.55 Balance 1.97 1.71 0.33 0.47

NI 30.00 29.42 44.83 42.20 8.86 9.44
- -

Fe 0.548 0.60 26.98 29.06 Balance Balarco
- -

Cr 21.93 22.50 18.18 18.27
- - - -

Mo 2.73 2.74 0 24 0.10
- - - -

Mn 0.617 0.6 0.45 0.51 1.68 1.39
- -

C 0.035 0.015 0 02 0.02 0.03 0.020
- -

S 0.007 0.006 0.002 0.003 0.018 0.015
- -

2n 0.109 0.05- - - - - -

P .0003 0.006 0.004--

0.026 0.022- -

Pb 0.000 0.01-- - - - - -,

SI 0.31 0.33 0.54 0.54
- - - -

Al 0.04 0.06
- - - - - -

Ti 0.74 0.81
- - - - - -

Co - - -- - - - 0.15 0.18

N - - - - - - 0.066 0.023

_ - _ - _ _ _ _ _ _ . -
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Tablo G.6 Candidate Alloy Compositions Of U. Bend Specimens Usod For The Long Term
SCC Tosts.

ELEMENT 6825 -304L

Cu 1.82 0.47

Ni 42.89 9.44

Fe 27.72 Balanco

Cr 22.78 18.27

Mo 2.74 0.10

Mn 0.45 1.39

0 0.01 0.020

S 0.001 0.015

Zn - -

P 0.022-

Pb - -

SI 0.40 0.54

Al 0.11 -

Ti 1.08 - -

Co 0.18-

N 0.023-

,-
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Long term, boiklown studies showed negligible general corrosion rates for Alloys 825,304L, and CDA 715 following eighty weeks
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