
AD-R134 729 THE EFFECT OF GAS BUBBLES AND CAVITY DIMIENSIONS ON TE i/i
LOCAL ELECTRODE P0 .(I) PENNSYLVANIA STARTE UNIV
UNIVERSITY PARK DEPT OF MATERIALS SCI. H i PICKERN

UNCLFISSIFIED 87 NOV 83 NOM84-8i-K 8825 F/6l 1/6 N



4.-,-.-.

-h

1.0 La
Igo 1 2.0

1111 I SO+

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-I963-A

-,

S * - * * * * ..



COLLEGE OF
EARTH AND
MINERAL
SCIENCES ,. . .SCIENCESDEPARTMENT OF MATERIALS SCIENCE

METALLURGY PROGRAM

'TECHNICAL REPORT

November 1983

OFFICE OF NAVAL RESEARCH

ti- i Contract No. NOOO-14-81-K-0025

qIE THE EFFECT OF GAS BUBBLES AND CAVITY DIMENSIONS ON THE LOCAL

ELECTRODE POTENTIAL WITHIN PITS, CREVICES AND CRACKS

H. W. Pickering

Department of Materials Science and Engineering D T IC
The Pennsylvania State University

University Park, Pennsylvania 16802

NOV 151983

A
Reproduction in whole or in part is permitted for any purpose of the

United States Government. Distribution of this document is unlimited.

-. CL.

:=) The Pennsylvania
~'State University

LLU

, University Park,
;. Pennsylvania

83 It 10 039



THE PENNSYLVANIA STATE UNIVERSITY

College of Earth and Mineral Sciences

UNDERGRADUATE PROGRAMS OF STUDY
Ceramic Science and Engineering, Earth Sciences, Fuel Science, Geography,
Geosciences, Metallurgy, Meteorology, Mineral Economics, Mining Engineering, Petro-
leum and Natural Gas Engineering, and Polymer Science.

GRADUATE PROGRAMS AND FIELDS OF RESEARCH
Ceramic Science, Fuel Science, Geochemistry and Mineralogy, Geography, Geology,
Geophysics, Metallurgy, Meteorology, Mineral Economics, Mineral Processing, Mining
Engineering, Petroleum and Natural Gas Engineering, and Polymer Science.

UNIVERSITY-WIDE INTERDISCIPLINARY GRADUATE PROGRAMS INVOLVING E&MS
FACULTY AND STUDENTS

Earth Sciences, Ecology, Environmental Pollution Control Engineering, Mineral Engineer-
ing Management, Operations Research, Regional Planning, and Solid State Science.

ASSOCIATE DEGREE PROGRAMS
Metallurgical Engineering Technology and Mining Technology.

INTERDISCIPLINARY RESEARCH GROUPS WITHIN THE COLLEGE
Coal Research Section, Mineral Conservation Section, Ore Deposits Research Section,
and Mining and Mineral Resources Research Institute.

ANALYTICAL AND STRUCTURE STUDIES
Classical chemical analysis of metals and silicate and carbonate rocks; X-ray crystallogra-
phy; electron microscopy and diffraction; electron microprobe analysis; atomic absorption
analysis; spectrochemical analysis.

u.Ed 9-25

4

, ,- .: . . - -. , . . . ., . , ..- . . .. . -, . .. . , . . , , .



SECURITY CLASSIFICATION OF THIS PAGE (Wen Date Entered)
REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
REPORT__ DOCUMENTATIONPAGE_ BEFORE COMPLETING FORM

i. REPORT NUMBER 2. GOVT ACCESSION NO. . RECIPIENT'S CATALOG NUMBER

Technical Report
4. TITLE (end Subtitle) S. TYPE OF REPORT & PERIOD COVERED

The Effect of Gas Bubbles and Cavity Dimensions Technical Report
on the Local Electrode Potential within Pits,
Crevices and Cracks 6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(a) S. CONTRACT OR GRANT NUMBER(.)

H. W. Pickering

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
Metallurgy Program, 209 Steidle Building AREA & WORK UNIT NUMBERS

The Pennsylvania State University
University Park, PA 16802

I1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Metallurgy Branch November 7, 1983
Office of Naval Research ,s. NUMBEROFPAGES
A1Ingt-n VA 97417

14. MONITO RINGAGENCY NAME & ADDRESS(it different from Controlling Office) IS. SECURITY CLASS. (of thia report)

ISa. DECLASSI FICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Distribution of this document is unlimited

17. DISTRIBUTION STATEMENT (of the ebstrect entered In Block 20, if different from Report)

III. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide It neceeoery and Identify by block number)

20. ABSTRACT (Continue on revere lde If neceeeary end Identify by block number)

-.' -'Gas bubbles have been reported to routinely accumulate in cavities during
anodic or cathodic polarization in several merals and alloys (Fe, Ni, Cu, Al,
stainless steel). These in-place gas bubbles have been found to sharply in-
creasethe gradients of potential and ionic concentration within the cavities.
A limiting electrode potential, .u' in the cavity has been observed, con-
sistant with theoretical considera ons which predict its existence.
Mathematical modeling has been reasonably successful, especially in the case
of cathodic polarization where the calculation shows that the potential and

DD IoR 1473 EDITION OF I NOV 68 IS OBSOLETE
S/N 0102-014"5601 SECURITY CLASSIFICATION OF THIS PAGE (ohen Det. Entered)

•-.7



,.S.

INSTRUCTIONS FOR PREPARATION OF REPORT DOCUMENTATION PAGE

RESPONSIBILITY. The controlling DoD office will be re.ponsible for completion of the Report Dotumentation Page. DD Form 1473, in
X, all technical reports prepared by r for DoD urganizations.

CLASSIFICATION. Since this Report Documentation Page. DD Form, 1473. is used in preparing announcements, bibliographies, and data
banks. it should be unclassified if possible. If a classification is required, identify the classified items on the page by the appropriate
sy mbal.

COMPLETION GUIDE

General. Make Blocks 1. 4. 5. 6. 7. I1. 13. 15. and 16 agree with the corresponding information on the report cover. Leave
Blocks 2 and 3 blank.

Block 1. Report Number. Enter the unique alphanumeric report number shown on the cover.

Block 2. Government Accession No. Leave Blank. This space is for use by the Defense Documentation Center.

Block 3. Recipient's Catalog Number. Leave blank. This space is for the use of the report recipient t.; assist in future
r- aretrieval o'}F -eocument.

Block 4 Title and Subtitle. Enter the title in all capital letters exactly as it appears on the publication. Titles should be
* unclassified whenever possible. Write out the English equivalent for Greek ietters and mathematical symbols in the title (see

"Abstracting Scientific and Technical Reports of Defense-sponsored RDT E."AD-667 AOO). If the report has a subtitle, this subtitle
should follow the main title, be separated by a comma or semicolon if appropriate, and be initially capitalized. If a publication has a
title in a foreign language, translate the title into English and follow the English translation with the title in the original language.

* Make every effort to simplify the title before publication.

Block 5.. Type of Report and Period Covered. Indicate here whether report is interim, final, etc., and, if applicable, inclusive
dates of period covered, such as the life of a contract covered in a final contractor report.

Block 6. Performing Organization Report Number. Only numbers other than the official report nulmber shown in BIck 1. such
as series numbers for in-house reports or a contractor, grantee number assigned by him, will be placed in this space. If no such numbers
are used, leave this space blank.

Block 7. Author(s). Include corresponding information from the report cover. Give the name(s) of the author(s) in conventional
order (for example, John R. Doe or, if author prefers, 1. Robert Doe). In addition, list the affiliation of an author if it differs from tna

t

of the performing organization.

Block 8. Contract or Grant Number(s). For a contractor or grantee report, enter the complete contract or grant numbers) tirnder
which the wor reported was accomplished. Leave blank in in-house reports.

Block 9. Performing Organization Name and Address. For in-house reports enter the name and address. inclui'.ing office symbol.
of the performing activity. For contractor or grantee reports enter the name and address of the contractor or grantee who prepared the
report and identify the appropriate corporate division, school, laboratory, etc., of the author. List city, state, and ZIP Code.

Block 10. Program Element, Project, Task Area, and Work Unit Numbers. Enter here the number code from the applicable
Department of Defense form, such as the DD Form 1498, 'Research and Technology Work Unit Summary" or the DD Form 163,4.
"Research and Development Planning Summary." which identifies the prcgram element, project, task area, and work unit or equiv'alen'
under which the work was authorized.

Block 11. Controlling Office Name and Address. Enter the full, official name and address, including office symbol, of .he
controlling office. (Equates to funding sponsoring agencv. For definition see DoD Directive 5200.20. "Distribution Statements )n
Technical Documents.")

Block 12. Report Date. Enter here the day, month, and year or month and year as shown on the cover.

Block 13. Number of Pages. Enter the total number of pages.

Block 14 Monitoring Agency Name and Address (if different from Controlling Office). For use when the controlling .r furding
office does not directly administer a project, contract, or grant, but delegates the administrative res;,onsibility to another organization.

Blocks IS & 15a. Security Classification of the Report: Declassification.Downgrading Schedule of the Report. Enter in 15
the highest classification of the report. If appropriate. enter in 1Sa the declassification/'downgrading schedule of the report, using th2

Sabbreviations for declassification,'downgrading schedules listed in paragraph 4-207 of DoD 5200. I-R.

Block 16. Distribution Statement of the Report. Insert here the applicable distribution statement of .he re;,o.t fro' DoD
Directive 5200.20. "Distribution Statements on Technical Documents."

B.ock 17. Distribu ion Statement /of the abstract entered in Block 20, it differont from :he distribution tste%..en! ,f ttWe r p rti.
Insert here the applicable distribution statement of the abstract from DoD Directive 5200.20, "Distribution Etatemen!o, Technica4 Do,
umer . .

Block 18. Sipplernentarv Notes, Enter inf rmation not included elsewhere but useful, such as: Prepare.J ,n : ,ptratun with

Translaton of ar hy) . Presented at conference of ... To be published in

B'.c l'9. Key Words. Select terms or short phrases that identify the principal subiects covered in the epor'. and ar.
sufftctently specific and precise to be used as index entries for cataloging, conf.rming to standard terminology. The DoD "Tcsaur'.
"f Engineering and Scientific Terms" (TEST,. AD-612 000. can be helpfil.

Block Abstract. The abstract should be a brief /not t: ex..eed 200 words) factual summary of the most q:,t.gnificant .nfnrma-
• ion cont "ind inhe report. If poss:ble, !he abstract of a classified report should be unclassified and the abstract la .n unclassified
repcrt shcu'd consist of publicly- releasable information. If the report contains a significant bibliograrhy or literatura survey. -ention
t here For nzcrmatiton on preparing abstracts see "Abstracting Scientific and Technical Reports of T)efense-Sponsored lYThE.

"
'

AD.667 000.

%4

,....... o -



20. ABSTRACT continued

_ -concentration gradients are strong functions of the "sharpness" of the
crack, the ohmic voltage increasing as the crack opening decreases, in
agreement with earlier calculations of current distribution in slots by
Wagner. By analogy, a similar result in expected for anodic polarization.
The shift of the potential with increasing distance into a cavity is always
in the direction of a decrease in anodic or cathodic polarization, is
typically very large approaching the M value of the system, is largely
Independent of the cathodic or anoidc Koarization, is typically very large
approaching the ' value of the system, is largely independent of the
cathodic or anodic polarization applied to the external surface and often
places that base of the cavity in a potential regime of other reactions,
e.g., anodic metal dissolution at t e crack tip while the sample's outer
surface is under effective cathodiciprotection.
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Introduction

Some years ago Pickering and Frankenthal (1) found that gas accumulated
inside growing pits while the sample was anodically polarized in the passive
region. This observation was aided by (i) the use of a low power
microscope, (ii) the fact that in the acidic electrolyte the formation of
solid corrosion products was suppressed, (iii) the formation of "open",
hemispherically-shaped pits, and (iv) the use of a glass fiber to probe
inside the pit. This observation had to be important since at the very
least the kinetics of pit growth, and possibly the mechanism, would be
affected by the presence of a major obstruction within the pit. Its
importance was all the more accentuated when the local electrode potential
at the base of the pit was found by direct measurement to shift, typically
hundreds of mV, in the less noble direction, often putting the base of the
pit in the normal active region of the polarization curve for the bulk
electrolyte. Few of the earlier theories of pit growth and crevice attack
included large potential gradients within the growing pit or crevice. In
contrast, our studies have been largely motivated by the possibility that
the value of the local electrode potential may be an important factor in
causing pit and crevice growth.

What is needed is a systematic study of the relationship between
potential gradients and accumulating gas in the cavities, and of their
importance in the pit and crevice growth processes. In addition,
m.ithmatical modeling of these anodic processes should include the
occurrence of the reaction on the side walls. When this was done in the
modeling of cathodic polarization in crevices (2), it introduced the spacing
between tike crack walls (crack "opening") as an important parameter, in
agreoment with earlier calculations by Wagner (3) which showed that
narrowness of the electrolyte path affected the current distribution in
slots. By analogy, the same result is expected during anodic polarization,

.J i.e., the ohmic voltage increases in the crack (to a limiting* value) as the
crack opening decreases. Thus, it seems likely in the case of sharp
(closed) cracks, that during anodic polarization the local electrode
potential at the crack tip will have a much less noble value and be in the
active region while the sample's outer surface is in the passive region even
without accumulation of gas in the crack.

It is the limited purpose of the present paper to focus on the effect
of accumulating gas in the cavity and of the cavity dimensions on the value
of the local electrode potential at the base of the cavity. Cathodic,
rather lhan anodic polarization will be used for this part of the study
since it provides a constant source of gas via the hydrogen evolution

" 'reaction (h.e.r.) and a control on the rate of gas accumulation in the
cavity. In addition, mathematical modeling for cathodic polarization of
creviced samples includes the occurrence of the h.e.r. on the crack walls
(2). This feature in the model, in turn, leads to the above-mentioned
important result that the potential gradient is a strong function of the
c'rack opening. Another consequence of a cathodic polarization study is tLhat
the results will impact on the hydrogen cracking problem. Before proceeding

1- -'!'hX, i Si. enC', Of ;I I imi t ing potent a I , , has bueon proposed,
-:and cri te ria which establish its value have ben i,:t forth (4). Som,
experimental evidence of its existence is also availabl, in
r,.frn (2) :nd this pa .pe r.



to present a description of the conditions within cracks during cathodic

polarization, the analogous situation of anodic polarization, will be
reviewed in light of the early observation of in-place bubbles in pits and
its significance for localized corrosion processes.

Anodic Polarization

In anodic-polarization measurements of the local electrode potential

existing inside growing, gas-containing pits, the least noble, measured
potential in the pit was typically at negative potentials in the active
dissolution region (1). This was so even when the sample's outer surface
was anodically polarized well into the passive region, e.g., > 1V (SHE).
Hence, it was concluded that the simultaneously observed in-place gas 3
bubbles which were identified as H were the cause of these large (10 MV)
changes in electrode potential wit in the iron cavity, and possibly also the
cause of other earlier reported 10 to 103 mV changes within pits
in austenitic stainless steel (5) and carbon steel (6) which were largely
inexplicable at the time. For these large IR drops the resistivity of the
electrolyte was probably too low to account for this magnitude of ohmic
voltage for the existing thickness of the electrolyte path and pitting
current, without imposing factors which reduce the solution cross section
available for carrying the current. On the other hand, for narrow crevices
and large currents t~e cross section of the electrolyte path may be small
enough to produce 10 mV ohmic voltages within the crevice, as was

"' stigtostod to explain other measured Large ohmic voltages in titanium alloy
(7) and stainless steel (8) although the calculations were not done.

Additional observations of accumulated gas within cavities also have

been reported, including in the non ferrous alioys. In the case of Al, gas
was observed to evolve from within the pits and found by analysis to be
hydrogen (9). This observation of H 2 gas was not for the usual
conditions of hydrogen evolution during pitting at open circuit, for which
E < 0.0 V (SHE) and H is evolved on the outer surface as the
CO§R2
cathodic reaction (10,11). Rather, it was for anodic polarization to a
potential (-2 V SHE) for which hydrogen evolution can not occur (at the
outitr surface), indicating that the Local electrode potential in the pit was
much less noble at a value below -0.0 V (SHE).

The measured potential in the cavity will not usually be the least

noble potential existing in the cavity. This value, which may approach
E is expected to be in the most confined regions, e.g., between the
h' lilt- and cavity wall and, therefore, not measurable without disturbing the
bubble. The least noble measured local electrode potentials of -0.2 to 0.2
V (SIiE) for Fe in different acidic solutions containing also Cl- ion, which
occur due to very effective constriction by in-place gas, are virtually
independent of the extent of anodic polarization of the outer surface
(I ,4, 12).

Measurement Technique

The potential measurement technique which utilizes a micro Luggin

capillary probe has been found to be reliable and accurate to at least + 50
inV. This error limit was in part obtained from the following independent
observations which confirm the reliability of the potential probe ,nethod.

(I) WiLh the samnpl, surface anodically polarized to potential-,; ia tie
range 0.7 to 1.2 V (S11E), the gas forming within, and coining out of, growing
pits in iron was analyzed as H2 . This places the local electrode

2*
potential in the pit at a value of <0.0 V, which is the most noble



equilibrium hydrogen potential possible at the base of the pits for any of
the systems studied. The actual local electrode potential had to be more
negative with its value dependent on the local h.e.r. current and pH. As
mentioned above the most negative potentials within the pits would also be
more negative than the measured values which were typically in the range,

- -0.2 to 0.2 V (1), in good agreement with the value of -0.0 volts
established by identification of the gas as hydrogen.

(2) In the same anodically polarized iron samples, (E surfac e =

0.7 to 1.2 V) and also in anodically polarized stainless steeL samples
(E surf ce > 1.0 V), the walls of the pits prior to salt film formation
were oDserved to be crystallographically etched. Etched surfaces are
typical of dissolution in the active region and, in particular, in the Tafel
region. This would place the local electrode potential of the etched surface
at less than approximately -0.2 V, which is also in good agreement with the
measured values given above.

Mathematical Modeling

From a theoretical point of view, if the current path in the cavity is
obstructed by the presence of gas bubbles, calculations of the IR voltage
which are based on the geometrical cross section of the cavity will
under-estimate the actual IR voltage. Many such calculations of the
potential and concentration variations in pits and crevices available in the
literature (1,12-16) all show that for an electrolyte which is a good
" ondictor tilt' ohi voLtal/e between the base and opening of a growing pit

(or crack) is Z 10 mV. Even in the case of dilute (poorly conducting)
electrolytes, the ohmic voltage in the cavity (in the absence of
constrictions) may be quite small since the ionic concentration and, hence,
the conductivity of the electrolyte within a growing pit or crevice,
increases above that of the bulk solution (1). Measured values of the ohmic
voltage in pits as reported above, are often an order of magnitude larger.
Thus, a discrepancy exists between calculation and experiment. The cause of
this discrepancy is the absence of a parameter in the model which takes into
account a narrowing, e.g., due to accumulating gas, of the electrolyte path
in the cavity.

On the other hand, if gas does not accumulate but narrowness is
intrinsic in the form of localized corrosion, as in the case of a sharp
crack, an appropriate model needs only to include this narrowness. By
analogy with cathodic-polarization modeling (2), this would appear to mean
inlcision if side wall dissolution in existing models. The anticipated

r, sil ILi of suCh 3 inodel (or anodic polarization iay well show that poLeit ia
• . _hangos f( r sharp cracks or narrow crevices, would be comparable to those

produc,-d in wide crevices or pits ccntaining in-place gas bubbles.

Cathodic Polarization

Experimental

Following the above-mentioned anodic polarization behavior in
cavities, large changes in electrode potential accompanied by accumulating
gas were observed within crevice-like cavities during cathodic polarization
(2,17). Figur,. I shows stable, in-place 11,I bubbles that typically
form within crevices during the normal occurrence at a rate i of the
h .,.r, on the sample surface. Simultaneously, as the in-place bubbles
-Corid, the measured pot.ntial gradientts within iie crev ices wer, [ouuid Lo

markodly increase. The solution potontial expressed in terms of =0,
where- x=o is at the crevice mouth (Figure 6), is giv,:en in Figur- 2wtih .anud
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Figure 1. In-place hydrogen g as bubbles which formed during
cathodic polarization at is - 9 A m-2, photographed
through a transparent plastic which was used as one
wall of the crevice. The other wall and outer surface
were the iron sample. After Harris and Pickering (17).

-0.4 E n _V Q

S-0.2-

0

-CALCULATED
-: 0 -

0 0.2 0.4 0.6 0.8 1.0 1.2

DISTANCE INTO SLOT %, CM

Figure 2. The measured Potential profile as a runction of
distance x for crevices with and without bubbles
during cathodic polarization at is =52 A *
After Ateya and Pickering (2).



without in-place bubble formation. The upper curve corresponds to in-place
bubbles of size comparable to the crevice cross section, as shown in Figure

1. For this situation the limiting potential, ELIM, is reached near
the bottom of the crevice (x > 0.9 cm).

The slot in Figure 1 was relatively large in terms of real crevices and

very large in terms of most cracks. However, in spite of the openness of
the slot, the bubbles readily formed and filled the cross section.

Similarly, bubble formation has been routinely observed within crevice-like
slots in Cu, Ni and Fe samples (2). In the latter observations, made from
the crevice opening, a transparent plastic was not used so that it was clear
that the formation and stability of the in-place bubbles within the crevices
were characteristic of metal crevices and not of the plastic surface used
for visual observation (Figure 1). Large potential gradients were measured
in all of these samples when the crevices contained in-place gas bubbles, as

shown in Table I.

Table I. The measured solution potential, 4 and electrode potentialsOxsL

E X=o and Ex-L where x E o at the crevice opening and x-L at its

bottom (2).

-2" Estimated
Metal Solution i.,Am E f. SEV 0 .,V E LSHEV ELISHE,V"°, -Xx -- It! -x --

Fe 0.5M Acetate, 50 -0.9 -0.4 -0.5 Emixed -0.4
0.5M Acetic
Acid, (pH:5)

Ni IM HClO4  100 -0.7 -0.5 -0.2 Emixed: -0.1

Cu IM HCIO 4  100 -0.7 -0.5 -0.2 E equi 0.0

Below, and in the region of contact of the bubbles with the iron

(Figure 1), the iron underwent anodic dissolution during effective cathodic

protection of the sample's outer surface, as revealed by the etched

condition of the crevice wall (originally polished) in Figure 3. Other

.,8 -, . Ia -.

~Figure 3. 5'EM micrograph iltustrates etching of the crevice
~ wall at the pOintV ol" contact of thze largest inl-ptdcLe

'i bubble in Figure 1. After Harris and Pickering (17).
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experiments were performed on the Fe, Ni and Cu samples to test for anodic
dissolution within the crevices. In these experiments it was not passible

to check for etching since the wall surfaces could not be polished prior to

the experiment. Instead, solution was extracted from the crevice during the

cathodic hydrogen evolution experiments, and analyzed for metal ions. The

results of these analyses are shown in Table II. Estimated concentrations

at the base of the crevices are also listed, and are much larger than the

measured ("crevice") values in order to account for dilution of the crevice

solution during extraction. In contrast to the dissolution of Fe and Ni in

their crevices, the solution in the Cu crevice contained no copper ions

within the accuracy of the measurement, in accord with the EL.M
condition as explained below.

2+ 2+ 2+

Table II. The measured concentrations of Fe , Ni and Cu ions in
samples of electrolyte extracted from within crevices and from

bulk solution for the h.e.r. currents and solution composi-
tions shown in Table I. (2).

2Bulk[M2+  "Crevice"M 2+ ]  Estimated [M 2 +

Metal (ppm) (ppm) @ xL (ppm)

Fe 2 50 Z 5000

Ni 0.2 15 Z 1000

Ctl --- 1

The change in solution potential, ,P, given in Figure 2, is related to
the local electrode potential, Ex, in the cavity by (3)

E =E - (1)

Inserting the largest (measured) value of solution potential
Ox=. = -0.4V) from Figure 2 and Table I, and the measured electrode
potential at the outer surface (E = -0.9V), Eq. I yields EL =
-0.5 V(SIIE). This is the most noVle measured electrode potential in the

crevice and is located below the large bubble in Figure 1. Since it is in

the vicinity of the standard potential of Fe, anodic dissolution of iron is

expected in the crevice and was observed (Table II). Hence, the situation

in the crevices of iron containing in-place gas bubbles is as shown in
.igure 4 where the ;- potential is sufficiently large to shift the local

electrode potential (beneath and in the vicinity of the bubble) into the

potential region of iron dissolution. A mirror-symmetry of Figure 4 is

shown in Figure 5 for anodic polarization. Because current tiows out of the

cavity for anodic polarization, the electrode potential in the cavity is

less, rather than more, noble than the value at the outer surface. The idea

F .Zl aCtiVe pit base with an electrode potential which is 10 to
11) nV Less noble than that at the outer passive surface goes back to

the early discussions of Uhlig (4) and subsequently others (1,12,18,19).

The limiting potential, E ,M, is the potential in the slot for
which the iron dissolution and Lydrogen evolution currents are equal

( t , - in Table 1). At the corresponding depth and below (for i' -
I Intle, current from the external polarization is essentially zero.

Hiowever, it is finite to this depth so that, in principle, I caan be

r, .achd Lor caLhodic cactionis, in contrast to those sit uat tons Cot r 11Odic
polarization where c;vity growth, e.g., pit or crack, occurs by anodic ,kiiLdi

diisolution at the pit base or crack tip. If ELL M were to be reached ir

,%q %" % -. " .o" " . ," . . ..- .,. .. . . . . . . ...., - - . . .
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Fe -. Fe2++ 2e

A B

':-."-0

I!, CrBck Tip

0

-2~ 2

"- Su rfoce

0E

Figure 4. Schematic showing Ex=L (at the bottom of the crack)

approaching EB in the potential region of iron
dissolution for cathodic polarization of the outer
surface at EA (2,4,12). ELIM - EB.

the lItter (Kis in Figure 5), there would be zero net current flowing
out of the cavity in which case the ohmic voltage would be zero and a
potential less noble than EA could not be supported in the cavity (4).
On the other hand if El were to be reached during cathodic

L[M
polarization, a finite current could still flow into the cavity by virtue of
the distribution of the h.e.r. on the side walls, and thereby maintain an
ohmic voltage between the cavity opening and a depth into the cavity over
which the h.e.r. occurs. Near, or at E the situation is probably
closest to what early workers referred to as the "occluded cell" in
describing pitting although most emphasized ionic concentration gradients
and did not include ohmic voltages as significant since measurement of their
inagnitude were largely unavailable.

The situation for Ni is qualitatively the same as shown in k'iguro 4
for iron. The situation for Cu is different in that the copper anodic
dissolution curve does not overlap the h.e.r. cathodic polarization curve.

It follows that ELIM for the crevice in Cu is the equilibrium potential
for the h.e* r.,E (Table 1), for the ionic concenUtr~ations existing
io tile crevice (4 q i

Mathematical Modeling

Mathematical modeling of the h.e.r. in crevices has been successful iil
the case, of crevices free of gas (dashed curve in Figure 2). An important



4J

Fe- Fe2+ + 2 e-

0
0i-i, z

CRACK T IP PASSIVATED
SURFACE

0
A

UB+ _,__H + e- _ 1/2 H2

Figure 5. As in Figure 4 but for anodic polarization (1,3,5.12).
Ex=L approaches EB for Ex.° - EA (4). ELIM - EB .

feature of these models is that they include the h.e.r. on the crevice walls
and treat it as an unknown in the calculation (2). Let us consider the
h.e.r. in a simple strong acid HY of monovalent ions and a crevice geometry

* shown in Figure 6. The cross section of the crevice is a rectangle of
thickness a and width b, and its depth is L such that a<<L and .<<,b, in
which case the h.e.r. can be considered to occur only on tho out-,r surface

*.: a.Mid on the crevict (or crack) walls. A more precise. coudition lor validiLv
of the e-uations is X>> a where X is a characteristic distance defined
be Low.

The fluxes, j, of the H+ and Y- ions in the x direction
within the crevice/crack are

dcH+ F d i

JH+ DII+ (dx H+ RT dx F

dc Y y _ F d ,

dxT x 0) 0 (3)

wher, 1) nd c are the diftusivity and concentration of the mindicated
." ;p,'is, roilpecLiviLy ,  , is Lhe soltitioll p)oLent i.a wiLh Li .sj l: LO ,• .aL

x = o, and i is the (unknowin) current density distribuL ion oli the crack
walls for t,, impressed I.e.r, current on the sainple surac,, i . Tht.
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°+ d

Figure 6. Model of crack.

clectrullcutrdlity equation is

Trhe boundary condition at x=o for a bulk acid concentration of c 0is

c + = = c0 and ) FO0at xo (5)

A boundairy condition at x L evolves from the calcutation which can be
found elsewhere (2). Equations (2) to (5) are then used to obtain I),
C H+ , c _- and i as functions of x, co ,a and i

Lhe characteristic length X is obtained as (2)

.,

X -(D I&~ co F a/i S)' (6)

and1( the solutions for the unknowns a-re
RT .ln sh L (L-x/Xj (7)F cosh L-/X

.c Fc 6c . Mode(L-x)/Xo (8)
H+ 0 cosh (L/X]

cosh [(L-x)/X] (9)

ILquationt (7 and (1) may be used to estimate the depth at which the
* electrode potential assumes a sufficiently noble value for anodic

dissolution of the metal, within the constrain of E Equations (8)
and (9) may be used to estimate the depth at which depletion of H and
decrease in the hydrogen evolution rate became significant, e.g., the depth
corresponding to the quiibrium pa =  of the hydralysis r aetion. ciaL eI
(7) is the dashed curve in Figure 2 and compares well wiu d the oasur.I
curve (lower solid curve) for experimental conditions which, although not
exactly matching the model conditions, are for a bubble-free crevice.

". . ... n .. .... - . . .



One of the most important features of Equation (7) using also Equation

(6) is that it includes the slot "openness", a, in its solution. Thus,

evaluation of Equation (7) shows that 4P becomes more negative as the crack
dimeasion a decreases, and from Equation (1) E becomes more noble.
This strong effect of the crack openness on the local solution potential in

Equation (7) is plotted in Figure 7. It shows that in the case of "sharp"
cracks (a Z50 pm) very large (negative) 4P values are to be expected. This
is quite a different situation than for most other models of mass transport
for cathodic or anodic polarization, which do not show a strong relation
between the ohmic voltage and the openness of the crack or crevice. 2Thus,
the silient point is that this model successfully predicts large (10
to 10 mV) ohmic voltages without incorporating constrictions such as

gas bubbles in th cavity, but only for sharp, closed cracks, e.g., a Z50m
for i = 1O A m . For more open cracks or crevices, the
"10 o 10 mV measured ohmic voltages can only be accounted for

by the presence of constrictions in the cavity. Similarly, Equations 8 and

9 show that the concentration and current-density gradients also become

steeper as a decreases, as shown in Figures 8 and 9, respectively.

-0.600

-0.50a =0.0005cm

> -0.400

-0300

&-0.100 0.005

"-0.

-.0O

0 0.2 0.4 0.6 0.8 1.0
Distance Into Slot x., cm

Figure 7. Effect of crack "openness", a, on the solution-

potential profile inside a crack of depth L = 1 cm
for is  1 100 A m 2 (2).

Conclusions

This paper reviews and elaborates on the relation between the local
electrode potential in cavities and two parameters; accumulated gas in the

cavity and the narrowness of the electrolyte path, e.g., the sharpness of a

crack. it does this by considering experimental and theoretical results for
both anodic and cathodic polarization. The discussion includes and

elaborates on the limiting electrode potential within cavities.

['he folLowing observations are made:

......................................
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Figure 8. As in Figure 7 but illustrating the effect of a on

the concentration gradients of H1+ and Y- ions within
the Slot (2).
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* Figure 9. As in Figure 7 but illustrating the effect of a on

the current distribution of the h.e.r. on the slot
walls (2).



(1) Ohmic voltages of several hundred mV which have been measured in
growing pits, wide crevices or open cracks can not be explained by
simply considering the resistivity of the solution as was suggested in
much of the early literature.

(2) Two explanations of these large ohmic voltages exist. Both rely on
making the cavity very narrow. In the case of "open" cavities (pits,

crevices or cracks), gas or possibly solid corrosion product
accumulation in the cavity is important. In the case of wharp cracks
or crevices, narrowness is intrinsic in the form of corrosion (small
a in Figure 6) and can be adequate, by itself2 i.e. 3 without
involving constrictions, to produce large (102 to 1 mV)
ohmic voltages.

(3) For sharp cracks or gas-filled pits or crevices the local electrode
potential may approach or equal the limiting potential, E ,M, and
be largely independent of the applied (anodic or cathodic7 polarization
at the external surface of the sample.

(4) Reactions in cavities are a function of the local electrode potential
and solution composition and may be different than those at the
external surface e.g., metal dissolution may occur at a crack tip
during effective cathodic protection of its outer surface.
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