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Abstract

Underground waste tanks fabricated from mild steel store more than 253 million liters of high level radioactive waste
from 50 years of weapons production at the Hanford Site. The probable modes of corrosion failures are reported as nitrate
stress corrosion cracking and pitting. In an effort to develop a waste tank corrosion monitoring system, laboratory tests were
conducted to characterize electrochemical noise data for both uniform and localized corrosion of mild steel and other
materials in simulated waste environments. The simulated waste solutions were primarily composed of ammonium nitrate or
sodium nitrate and were held at approximately 97°C. The electrochemical noise of freely corroding specimens was
monitored, recorded and analyzed for periods ranging between 10 and 500 h. At the end of each test period, the specimens
were examined to correlate electrochemical noise data with corrosion damage. Data characteristic of uniform corrosion and

stress corrosion cracking are presented.

1. Introduction and background

The Hanford Site has 177 underground waste tanks that
store approximately 253 million liters of radioactive waste
from 50 years of weapons production [1]. Twenty-eight
(28) tanks have a double-shell and are constructed of
welded ASTM A537-Class 1 (UNS K02400), ASTM
A515-Grade 60 (UNS K02401), or ASTM AS516-Grade 60
(UNS K02100) material. The inner tanks of the double-shell
tanks were stress relieved following fabrication. One hun-
dred and forty-nine (149) tanks have a single shell con-
structed of welded mild steel, but were not stress relieved
following fabrication. Tank waste is in liquid, solid, and
sludge forms. Tanks also contain a vapor space above the
solid and liquid waste regions. The composition of the

* Corresponding author. Tel.: -+ 1-509 373 7214; fax: +1-509
373 1050.

waste varies from tank to tank but generally has a high pH
(> 12) and contains sodium nitrate, sodium hydroxide,
sodium nitrite, and other minor radioactive constituents
resulting from plutonium separation processes [1-4]. Leaks
began to appear in the single-shell tanks shortly after the
introduction of untreated nitrate-based wastes in the 1950s.
Leaks are now suspected to be present in a significant
number of single-shell tanks [1]. The probable modes of
corrosion failures are reported as nitrate stress corrosion
cracking (SCC) and pitting [2]. Previous efforts to monitor
internal corrosion of waste tank systems have included
linear polarization resistance (LPR) and electrical resis-
tance techniques [5,6]. These techniques are most effective
for monitoring uniform corrosion, but are not well-suited
for detection of localized corrosion (pitting and SCC). The
use of electrochemical noise (EN) for monitoring waste
tank corrosion was investigated by the Savannah River
Site, but the tests were not conclusive {7].

For many years, EN has been observed during corro-
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sion and other electrochemical reactions, and the phe-
nomenon is well established [8—19]. Typically, EN con-
sists of low frequency (<1 Hz) and small amplitude
signals that are spontancously generated by electrochemi-
cal reactions occurring at corroding or other surfaces [20].
Laboratory studies and recent reports on field applications
have reported that EN analysis is well suited for monitor-
ing and identifying the onset of localized corrosion, and
for measuring uniform corrosion rates [14-27]. A typical
EN based corrosion-monitoring system measures instanta-
neous fluctuations in corrosion current and potential be-
tween nominally identical electrodes of the material of
interest in the test environment of interest. Time-dependent
fluctuations in corrosion current are described by electro-
chemical current noise, and time-dependent fluctuations of
corrosion potential are described by electrochemical poten-
tial noise. It has been shown that each type of corrosion
phenomenon presents a unique relationship between corro-
sion current and potential transients in the temporal data
[8-27]. Other methods of analysis involve transforming
temporal data to the frequency domain for analysis [28].

High rates of localized or uniform corrosion probably
occur infrequently, if ever, in waste tanks under ‘normal’
or reference waste tank chemistry conditions. This conclu-
sion is supported by previous testing and more than 400
tank-years of operation at the Hanford Site under the
current double-shell tank chemistry controls [1-3]. In the
reference case, sodium hydroxide is added to the nitrate-
based waste. The carbon steel forming the tank walls is
passive under these conditions, resulting in little corrosion
activity. However, waste tank chemistry is subject to
change over time due to radiolysis and other ongoing
chemical reactions. In an effort to better understand the
changes in corrosion behavior as a result of changes in
waste chemistry, a corrosion-monitoring system using EN
as a monitoring technique is being developed for deploy-
ment into a double-shell tank at the Hanford Site. The
system is expected to measure uniform corrosion rates and
to detect the onset of localized corrosion phenomena if
tank conditions should change to allow these phenomena
to occur.

Since reference waste tank chemistries will not induce
localized corrosion, it was necessary to induce the desired
forms of corrosion during laboratory testing by using
‘off-normal’ simulated waste solutions to chemically shift
the potential into the range where each form of corrosion
could occur. Past studies have shown nitrates to cause
intergranular stress corrosion cracking {IGSCC) in carbon
steel [29]. Donovan measured cracking rates of ~ 10-%
m/s in 5.0 M NaNO, [30]. Ondrejcin showed that sodium
hydroxide and sodium nitrite can inhibit the nitrate SCC
process [31]. It was decided that 4 M ammonium nitrate or
5 M sodium nitrate solutions at approximately 97°C would
produce SCC on the mild steels of interest with reasonably
short initiation times. Simulated tank waste solutions were
used to generate uniform corrosion information.

2. Test environments, equipment and procedures

The test solutions were prepared from reagent grade
chemicals and demineralized water. The test environment
was maintained in a three-liter, temperature-controlled test
cell with appropriate openings to allow for insertion /re-
moval of test specimens and a condenser to minimize
losses caused by evaporation. The EN tests required three
electrodes: a working electrode, a counter electrode, and a
reference electrode. The working and counter electrodes
were nominally the same material although, in these exper-
iments, the working electrode was stressed but the counter
electrode was unstressed. The working electrode was com-
mon to the measurement of corrosion current and potential.
Fluctuations in corrosion current were measured between
the working and counter electrodes through a zero resis-
tance ammeter (ZRA). The sign convention of the ZRA
was such that the current was positive when the working
electrode was anodic (corroding) with respect to the counter
electrode. The potential of the working electrode was
measured with respect to a pseudo-reference of the same
material. On average, the potential of the pseudo-reference
is very close to that of the working electrode. Because the
working electrode and the pseudo-reference electrode were
connected only through a high-resistance voltmeter, a
change in working electrode potential was recorded only
as a potential difference between the working and pseudo-
reference electrodes. Most tests did not use a standard half
cell electrode.

The majority of EN data were collected with a Gamry
Instruments CMS100 electrochemical measurement system
and associated software !. Operating software scripts for
this system were customized and optimized for EN data
collection. Potential and current measurements were
recorded once per second on the active array. Data were
typically collected for 500—600 s per channel. Time delays
could be inserted between data files to reduce the amount
of data collected. At the conclusion of testing, internally
developed statistical analysis software and Microsoft Ex-
cel 2 were used to calculate summary statistics (mean,
standard deviation, and other statistical parameters) for
each raw data file. The statistical parameters for each raw
data file were then plotted versus elapsed time of testing to
aid in data analysis. Although it is not strictly possible to
distinguish between forms of corrosion using statistical
data alone, statistical analysis of the raw data files can be
used to identify time periods of change in corrosion behav-
ior. By limiting preliminary data analysis to files that

: Gamry and CMS100 are trademarks of Gamry Instruments,
Inc., Willow Grove, PA, USA.

? Microsoft and Excel are registered trademarks of Microsoft
Corporation, Redmond, WA, USA.
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Fig. 1. Active uniform corrosion with shallow pitting prior to

passivation — ASTM AS516-Grade 55 pin, 4.0 M NH,NO; at
97°C, 1 h of data taken after 1 h of exposure.

produced large changes in the summary statistical data,
time spent on data analysis was greatly reduced.

3. Uniform corrosion test results

3.1. ASTM A516-grade 55 cylindrical pins in 4.0 M ammo-
nium nitrate at 97°C

For this test, three identical cylindrical pins of ASTM
A516-Grade 55 were used for the working, counter and
pseudo-reference electrodes. The pins were approximately
64X 107° m in diameter and 2.5X 107> m in length
giving a surface area of approximately 5.4 X 10~ % m>.
The test solution was brought up to 97°C and the elec-
trodes were inserted. LPR testing shortly after specimen
immersion indicated a corrosion rate of ~ 40 mpy. Fig. 1
shows 1 h of EN data collected 1 h after specimen
immersion. Fig. 2 shows 1 h of data collected after 65 h of
exposure. Current and potential fluctuations were random
and slowly decreased in frequency and magnitude through-
out the remainder of the test period. The test was termi-
nated after approximately 96 h. The post-test surface of the
working electrode is shown in Fig. 3. At the conclusion of
testing, the surfaces of all three electrodes were covered
with a powdery black oxide layer. Following ultrasonic
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Fig. 2. Uniform corrosion after passivation, no pitting — ASTM
A516-Grade 55 pin, 4.0 M NH,NO; at 97°C, 1 h of data taken
after 65 h of exposure.

Fig. 3. ASTM A516-Grade 55 pin showing shallow pitting — 96 h
exposure, 4.0 M NH,NO,, 97°C.

cleaning in demineralized water to remove the black pow-
dery oxide, the surfaces of the electrodes were dark brown
and contained numerous shallow, ‘wide’ pits.

3.2. ASTM A537-class 1 C-rings in simulated inhibited
waste at 35°C

For this test, three identical C-rings of ASTM AS537-
Class 1 were used for the working, counter and pseudo-ref-
erence electrodes. The working electrode was strained
beyond the proportional limit (near yield) shortly before
testing. The C-rings were approximately 1.6 X 1072 m in
diameter, 1.6 X 107% m in width, and 1.6 X 107> m in
wall thickness giving a surface area (including loading nut
and bolt) of approximately 2.7 X 10~% m?. Test solution
composition is shown in Table 1. The test solution was
brought up to 35°C and the electrodes were inserted. LPR
testing shortly after specimen immersion indicated a corro-
sion rate of less than ~ 0.1 mpy. Fig. 4 shows 1 h of EN
data collected 1 h after specimen immersion. Fig. 5 shows
1 h of data collected after 65 h of exposure. Current and
potential fluctuations similar to Fig. 5 were recorded
throughout the remainder of the test period. The test was
terminated after 497 h. The post-test surface of the work-

Table 1
Simulated inhibited waste chemistry

Constituent Concentration (M)
NaNO, 1.8

NaNO, 36

Na,HPO, *7H,0 5.0x1072

Na, S0, 1.4x107!
NaAlO, 5.7%x107!

NaF 7.6x1072

NaCl 1.1x107!

NaOH 19x10™!
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Fig. 4. Uniform corrosion after passivation — ASTM A537-Class
1 C-ring, simulated waste (see Table 1), 1 h of data taken after 1 h
of exposure.
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Fig. 5. Uniform corrosion after passivation ~ ASTM A537-Class
1 C-ring, simulated waste (see Table 1), 1 h of data taken after 65
h of exposure.

ing electrode is shown in Fig. 6. At the conclusion of
testing, the surfaces of all three electrodes were shiny and
bright with no evidence of pitting or other forms of
localized corrosion. The original machining marks and
surface scratches were still visible on the electrodes.

Fig. 6. ASTM A537-Class | C-ring — 497 h exposure, simulated
waste (see Table 1), some surface scratches from machining still
evident.

4. Stress corrosion cracking test results

4.1. IGSCC of ASTM A516-grade 60 U-bends in 4.0 M
ammonium nitrate at 97°C

For this test, a standard ASTM A516-Grade 60 U-bend
(ASTM G-58) was used as the working electrode. Flat
unstressed coupons of the same material were used for the
counter and pseudo-reference electrodes. All specimens
were mounted in epoxy to limit the amount of exposed
surface area. Approximately 1.2 X 107* m? of the counter
and pseudo-reference electrode and approximately 2.4 X
107% m? of the working electrode were exposed to the
ammonium nitrate solution during testing. The working
electrode was strained beyond the proportional limit and
mounted in epoxy approximately two days before testing.
The test solution was brought up to 97°C and the elec-
trodes were inserted. As with the A516-Grade 55 pins
tested previously, current and potential fluctuations from
the U-bend were random in nature, slowly decreasing in
frequency and magnitude over the first 21 h of exposure.
The working electrode was removed and examined under
low magnification for evidence of IGSCC after approxi-
mately 21 h of exposure. No cracks were evident in the
working electrode. Current and potential fluctuations over
the first 21 h of testing were characteristic of uniform
corrosion in a passivating system with a small amount
shallow pitting occurring just after immersion.

Following inspection, the working electrode was reim-
mersed into the ammonium nitrate solution. At approxi-
mately 22 h into the exposure, sharp 20—-60 mV drops in
working electrode potential accompanied by 10-15 mA
bursts of current began to occur. An hour of data collected
after 29 h of exposure is shown in Fig. 7. An hour of data
collected after 32 h of exposure is shown in Fig. 8. Data
similar to Figs. 7 and 8 were recorded for 25 h following
reimmersion. Approximately 15 transients similar to those
shown in Figs. 7 and 8 were collected prior to test
termination. The test was terminated after approximately
46 h. Upon removal of the working electrode, it was
observed that a primary intergranular crack had propagated
across the width of the electrode (~ 19 mm) and from
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Fig. 7. SCC Propagation — ASTM A516-Grade 60 U-bend, 4.0 M
NH, NO, at 97°C, 1 h of data taken after 29 h of exposure.
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Fig. 8. SCC Propagation — ASTM A516-Grade 60 U-bend, 4.0 M
NH,NO; at 97°C, 1 h of data taken after 32 h of exposure.

approximately 1-2 mm in depth. The remaining surfaces
of all three electrodes were smooth and covered with a
dark powdery oxide. The surface of the working electrode
following testing is shown in Fig. 9.

4.2. IGSCC of ASTM A537-class 1 C-rings in 4.0 M
ammonium nitrate at 97°C

For this test, three identical C-rings of ASTM AS537-
Class 1 were used for the working, counter and pseudo-ref-
erence electrodes. The working electrode was notched,
pre-cracked by cyclic fatigue, and strained beyond the
proportional limit shortly before testing. The working elec-
trode was strained with a loading bolt fabricated from the
same material as the C-ring. The loading bolt threaded
directly into one side of the C-ring, eliminating the need
for the loading nut. The C-rings and loading bolt were
machined from archived material removed from Hanford’s
241-AP tank farm following tank fabrication and stress

—

4 mm

Fig. 9. ASTM A516-Grade 60 U-bend — 46 h exposure, 4.0 M
NH,NO,, 97°C.
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Fig. 10. SCC Propagation — ASTM A537-Class 1 C-ring, 4.0 M
NH,NO; at 97°C, 1 h of data taken after 24 h of exposure.

relief annealing in 1985. The C-rings were approximately
25X 107% m in diameter, 2.5 X 1072 m in width, and
64X 107* m in wall thickness giving a surface area
(including loading nut) of approximately 4.7 X 10™3 m°.
The test solution was brought up to 97°C and the elec-
trodes were inserted. As with the previous tests, current
and potential fluctuations from the C-rings were random in
nature, slowly decreasing in frequency and magnitude over
the first 10 h of exposure. Current and potential fluctua-
tions over the first 10 h of testing were characteristic of
uniform corrosion in a passivating system with a small
amount shallow pitting occurring just after immersion.
Electrodes were not removed until the conclusion of test-
ing.

At approximately 10 h into the exposure, sharp 75-100
mV drops in working electrode potential accompanied by
8—10 mA current bursts began to occur. An hour of data
collected after 24 h of exposure is shown in Fig. 10. An
hour of data collected after 35 h of exposure is shown in
Fig. 11. The sharp simultaneous spikes in current and
voltage persisted for a total of 120 h. Approximately 15
transients similar to those shown in Figs. 10 and 11 were
collected prior to test termination. The effects of these
transients on the standard deviation of current over the
course of testing are evident in Fig. 12. The test was
terminated after 143 h. Upon removal of the electrodes, it
was observed that a primary intergranular crack had propa-
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Fig. 11. SCC Propagation — ASTM A537-Class 1 C-ring, 40 M
NH,NO; at 97°C, 1 h of data taken after 35 h of exposure.
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Fig. 12. Standard deviation of current during SCC of ASTM

A537-Class | exposed to 4.0 M NH,NO; at 97°C for 130 h; SCC
propagation in working electrode starts at ~ 10 h.

2

gated across the width of the electrode (~ 2.5 X 1072 m)
and from approximately 2—4 mm in depth as shown in Fig.
13. The remaining surfaces of all three electrodes were
smooth and covered with a dark powdery oxide layer.

Fig. 13. ASTM A537-Class | C-ring — 143 h exposure.
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Fig. 14. SCC propagation, no SCC signal recorded - ASTM
A216-C compact tension specimen, 5.0 M NaNO; at 97°C, | h of
data taken after 31 h of exposure.

4.3. IGSCC of an ASTM A216-C compact tension (CT)
specimen in 5.0 M sodium nitrate ar 97°C

Following the work with U-bends, there was an attempt
to monitor crack propagation over a longer period of time
than that permitted by U-bend specimens. An ASTM
A216-C IT pre-cracked CT specimen loaded and coated
with Miccrotex * over all surface areas except the pre-crack
mouth was prepared for this purpose. Counter and
pseudo-reference electrodes had similar surface areas as
the pre-crack mouth and were also made of ASTM A216-C
steel. A 5.0 M sodium nitrate solution held at 97°C was
used for the test environment. Electrodes were immersed
and monitored for approximately 165 h. An hour of data
collected after 31 h of immersion is shown in Fig. 14. Data
similar to Fig. 14 were collected throughout the remainder

i - Wl 5 mm

Fig. 15. ASTM A216-C compact tension electrode crack detail —
165 h exposure, 5.0 M NaNO;, 97°C.

* Micerotex is a trademark of Tolber Division Inc., Hope,
Arkansas.
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of the test. In general, nearly all of the data collected
during this exposure indicated only uniform corrosion
during passivation. Testing was terminated after 165 h.
Upon removal of the specimens, it was observed that
multiple branched intergranular cracks had propagated
deeply (~ 17 mm) into the stressed portion of the elec-
trode. At the conclusion of testing, all uncoated surfaces of
the electrodes were slightly oxidized. The coating material
had delaminated from the edges of the exposed surface on
the working electrode. The working electrode following
testing is shown in Fig. 15 (coating completely removed
for clarity).

5. Discussion
5.1. Uniform corrosion

Small random fluctuations of current and potential have
been shown to be characteristic of uniform corrosion [20—
25]. Current and potential fluctuations produced by uni-
form corrosion are the result of random shifts back and
forth between anodically and cathodically dominated be-
havior of the counter and the working electrodes. The
reduction in frequency and magnitude of current and po-
tential fluctuations over time is assumed to result from a
reduction in electrochemical activity due to the develop-
ment of a stable, passive layer on the electrodes. Tests
using 40 M ammonium nitrate solutions at 97°C were
performed using both ASTM AS516-Grade 55 and A537-
Class 1 material. Both materials exhibited highly active
surfaces upon exposure to the ammonium nitrate solution.
This period of high activity typically persisted for 20-30 h
and was marked by large, random fluctuations in current
and potential. Upon electrode removal after ~ 24 h of
exposure, the ASTM A516-Grade 55 electrodes were found
to be covered with shallow pits similar to those shown in
Fig. 3. The ASTM AS537-Class 1 electrodes were smooth
and lightly oxidized with no signs of pitting attack. Close
inspection of unused electrodes revealed that the ASTM
A516-Grade 55 pins used for these tests suffered micropit-
ting during the manufacturer’s electropolishing process,
prior to their exposure to ammonium nitrate test solutions.
These micropits, when exposed to the ammonium nitrate
test solution, grew wider and deeper to generate an elec-
trode surface similar to that shown in Fig. 3. Electrodes
which were hand polished to remove the micropits from
the electropolishing process generated uniformly corroded,
smooth, oxidized surfaces upon exposure to ammonium
nitrate.

The fluctuations of current and potential recorded from
ASTM A537-Class 1 in the more passive simulated inhib-
ited waste solution were also typical of uniform corrosion,
but approximately two orders of magnitude smaller than
those recorded from the same material exposed to 4.0
ammonium nitrate. Unlike the ammonium nitrate solutions,

electrodes exposed to the simulated waste showed no
initial period of high electrochemical activity since the
electrodes passivated rapidly in the high pH solution. This
behavior was typical of all passivating systems that under-
went uniform corrosion; more passive systems produced
lower corrosion rates, lower mean currents, and smaller
fluctuations in current.

5.2. Stress corrosion cracking

An active-path dissolution model has been proposed by
many researchers to explain IGSCC in steel /nitrate sys-
tems [29]. Active-path dissolution processes result from
compositional differences between grain boundary and
grain body material. These differences cause grain bound-
aries to become anodic with respect to grain bodies when
mild steels are exposed to boiling ammonium nitrate.
Cracks advance primarily by nearly continuous, preferen-
tial anodic dissolution of the grain boundaries. In all tests
that utilized a stressed working electrode, mean current
was always positive and mean potentials were negative
until late in the test period. These results support the
concept of a nearly continuous anodic process occurring at
the crack tip on the working electrode. Mean current and
mean potential recorded in tests using unstressed elec-
trodes fluctuated around zero throughout the electrode
exposure. It has been reported that cracks propagating
steadily by an active path dissolution process can periodi-
cally jump via mechanical fracture of the grain boundary
surface [32]. The bare metal exposed by this process is
highly anodic relative to the otherwise oxidized electrode
surface and quickly undergoes anodic dissolution. This
results in a sudden increase in current increase and simul-
taneous drop in potential. The 10-15 large current and
potential transients recorded in each of the SCC tests using
U-bends or C-rings are hypothesized to be the resuit of this
type of mechanical fracture.

The most sensitive statistical parameter to the onset of
SCC is the standard deviation of current. Mean current,
standard deviation of potential, and mean potential can
also be effectively used to identify the onset of SCC. Since
current rises sharply when cracks propagate (via grain
boundary fracture), the standard deviation of current is
much higher for data files that capture large crack propaga-
tion events than for data files collected when cracks are
not propagating. When the standard deviation of current
for each data file is plotted against elapsed time of testing,
data files that capture crack propagation events can be
easily identified by sharp positive spikes. This effect is
illustrated clearly in Fig. 12. The standard deviation of
potential, mean current, and mean potential behave analo-
gously. Spikes similar to those in Fig. 12 were not recorded
from electrodes that suffered only uniform corrosion.

It is worth noting that current and voltage signal behav-
ior described for U-bends and C-rings was not supported
by the ASTM A216-C compact tension electrode. Despite
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Table 2
Crack propagation rates in selected steel /nitrate systems

Test description Crack depth (m) Cracking time (h) Cracking rate (m/s)
ASTM A516-Grade 60 U-bend, 4.0 M NH,NO,, 97°C 13x107° 27 Ix1078
ASTM A537-Class 1 C-ring, 4.0 M NH,NO,, 97°C 20 1073 110 5% 107°
ASTM A216-C Compact Tension, 5.0 M NaNO,, 97°C 8.6x 1073 140 2% 1078

the propagation of several large cracks into the working
electrode, there were no obvious SCC transients in the raw
data files. Hundreds of raw data files were examined over
the course of the test on the compact tension specimen.
Generally, the raw data showed characteristics of uniform
corrosion. There were periods in which the current and
potential data were cyclic in nature, but no corrosion
current or potential transients indicating SCC initiation or
propagation were detected despite significant crack growth.
The poor sensitivity and lack of SCC transients in the raw
data from the coated compact tension electrode is likely
the result of the large surface area of the crack face
compounded by the delamination of the coating around the
unpainted surface area. Crack advance is only recorded
when a detectable number of electrons flow through the
ZRA from the working electrode to the counter electrode.
Most of the electrons released by anodic dissolution at the
crack tip in the compact tension specimen were likely
consumed in cathodic reactions in the crack mouth or
elsewhere on the large oxidized surface of the working
electrode. Since most of the electrochemical events were
confined to one electrode (compact tension), very little
signal could be recorded. Working electrodes for use in
SCC monitoring must restrict the increase in crack-face
surface area associated with crack advance by limiting
possible crack propagation depth.

At the conclusion of testing, crack advance rates were
estimated for each test. Crack advance rates for U-bends
and C-rings were estimated from duration of SCC EN
signal generation and post-test crack depth. Crack advance
rate for the compact tension specimen was estimated from
length of exposure and periodic crack depth measurements.
Crack advance rates determined by both methods com-
pared favorably with previously published results [30).
Results are shown in Table 2.

6. Conclusions

(1) The measurement of EN for use as a corrosion
monitoring technique was shown to be capable of detect-
ing and distinguishing between uniform corrosion and
SCC in mild steel /nitrate systems when proper electrode
geometries are used.

(2) Uniform corrosion is characterized by random fluc-
tuations in current and potential in the raw data caused by
random shifts between anodically and cathodically domi-

nated behavior of the electrodes. In passivating systems,
the fluctuations tended to decrease in frequency and mag-
nitude over time as the surfaces of the electrodes passi-
vated. In general, lower corrosion rates were associated
with lower mean currents and smaller fluctuations in cur-
rent.

(3) Crack advance is characterized by sharp, periodic
drops in potential occurring simultaneously with positively
directed bursts of current in the raw data. Between these
events, mean current is positive and mean potential is
negative, suggesting a nearly continuous anodic process
occurring at the crack tip on the working electrode. These
results support the active path dissolution model proposed
by many to explain crack advance in mild steel /nitrate
systems.
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