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A. A violent order is disorder;'andvu

B. A great disorder is an order.
These two things are one. (Pages -
of illustrations.)...

--Wallace Stevens
""Connoisseur of Chaos s 1942
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PERIODIC PHENOMENA IN THE HIGH CURRENT.
DENSITY ANODIC DISSOLUTION OF COPPER

John Frederick Cooper
Inorganic Materials Research Division, Lawrencé'Befkeley Laboratory

and Department of Chemistry; University of California,
' Berkeley, California 94720

~ ABSTRACT
Uniform and sustained anode potential osciiiations were observed
during the high rate galvanostatic dissolﬁtidn of copéervin_sodium
v_chlorafe’eiectrolyte. The phenomenon was inve;tigated under well-
defined hydfddynamic conditions from 0.3- to 150 A/gmz. lOvér this

range, fréquency increases with current density frdm 0.001~ to 1000 Hz.

Frequency declines by a factor of 0.3 with increase in flow rate

- (Re=200-7000, channel flow). Weak dependences ofnfréquénCy on bulk

~ electrolyte temperature (4-80°C) and pH (1.4-11) were noted.

yOscillations amplitudes fall in the range, 5- to ZOIV.

Large amplitude (> 1V) oscillations with lesg cycle‘unifqrmity
were also obtained in a variety of electro1ytes,éonﬁaining sulfate,
nitréte, or hydroxide in the presence of sﬁall chqentrations of
chloride, bromide, or iodidefb |

In the phlorate eiectrolyté, the rise and fall of potential reflects
the alternéte growth and destruction of a thin, adherent, anode_syrfacé:
film, whiéhvwas found by X-ray diffraction analysis to_consist_of

-

cuprous oxide. The apparent valence of the dissolution process is 1.2

2 P . X
above 5 A/cm”. The predominant net anode reaction may be written,

.



R

S DD O S
Cu + 5 H20 =3 Cu20 + H .f.e e

’ Reactionsjoccurring'in parallel were identified as,

cu = cut?e2eT,
and S . o
Leworamt+leaon = P +la+uo.

2% o Te s T e

Dried samples of surface films produced during the - high potential

s

phase of the cycle were found to undergo an electronic insulator to
- conductor transition‘upon application of a field strength exceedingv
about‘IOS'V/cm. ' The ‘duration of the breakdown event was'approximately

10—68.. Similar transitions are known to occur with a variety of solids,

including bulk samples of cuprous oxide. The tranSitions characteristi—'

cally result in the formation of filamentary channels of low electronic
resistivityvand occur withva probability which increases with field

strengthﬂandgsample'thickness.'

A model for the'oscillations-was ProPosed,tbased~on our observations

of resistive transitions. During the potential“growth phase'of.the
cycle, current is passed through a uniformly growing cuprous oxide
film by iOnic conduction. As the films thickens, the 1ncidence of the
”breakdown transitionsvincreases. The_net resistance of the film is
lowered by accumulation of channels of low electronic resistance.
Eventually the potential falls below.the level necessary~for continued
ionic cnrrentvand film growth;v The potential remains‘at a low level

until the &olume‘of film containing low resistance.channels is undermined
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or remoﬁéd by anodic dissolution. vThen uniform_fiiﬁ growth and pétenfial.
increase.begin anew.

The bécillation phenomena observed Qith the”chlorate eléctrolyte
are evideﬁfiy the consequence of solid sﬁate transformations within
the surface films formed during transpassive dissblution. Rigorous
proof of this mechanism requires more detailed cﬁéfacterization of

film properties and,breakddwn conditions than is currently available.



I. INTRODUCTION

A. Anede Potential Oscillations in Cbpéer Dissolutioﬂ -

The.ahpdie dissolution 6fvcopper in eodium chlorate electrolyﬁe'
gives riee fo a.femArkable’phenomenon. ‘UpoﬁICIOSing the elecﬁrelyeis
circuit, the anode'potential does not assume a steady level; rather,
it undergoes aeperiodic rise and fall of about ten volts. Under con-
stant experimental conditions, the individual pptential eycles are
impressivelyvﬁniform in period and amplitude. Sample oscillograph
recordings.of_anode'potential against time are shoen in Fig. 1.1.
Oscillations are found with galvanostatically contfelled'curreﬁt denéities
in the reﬁge;'0.3 to over 150 A/cmz. Frequency inereases wi;h current
density in this range from 0.003 Hz to over 1000 Hz. In a narrower
current density range and with less cycle uniformity; large amplitude
oseillations may also be obtained with a variety of mixed electrolytes
containing small concentrations of halide_ions'(See Appendix A).
| An investigation of this phenomenon grew out.of a wider interest in
these_labefatories in electrochemical processes involved in high-rate
electrolysis.l'_3 An industrial application of particular interest to
us is electrochemical machining (ECM)--the technique-which empioys.
~ anodic dissqlution at current densities frem 5-500 A/cm2 to.cut, shape
and polish metals;4 Kinoshita first encountered the oscillations while
investigating.the'dissolution of copper in electrolytes commoﬁiy used
in ECM.5 The chlorate electrolyte is known to provide polished surfaces
-and close dimensional control in ECM epplications,6 and a desire to

understand these properties first motivated further :!.nvest::l.gat::‘.on.v7



Fig. 1.1. Sustained Cell Voltage Oscillations. Electrode-electrolyte
- system: Cu/2F NaClO3/Cu; stirred electrolyte; current
‘density = 3 A/cm2. (Cell voltage oscillated continuously
' for duration of dissolution experiment (1014 s)).
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_Thé importance of'a'stuAy of anodic oécillatioﬁs derives'ffém the close
‘relationsﬁip'between periodicity and the stabili;y'Characteristics'of
anodically formed passive aﬁd transpaséive films;a;& layers. An
understanding*of the periodic growth éﬁd breakdbﬁn,of such resistive'
layers would'lend a powerful perspective to the ﬁnderstanding of the
passive orlffanépassive'electrbde state. .

Electtpde reactions taking place with periodic changes in current
or potentiél'are by no"means.uncommoﬁ. :A'weaitﬁzdf descriptive -
- literature dates from the éarly ninetéenth Centhry;'though ohly.a few
Vattempts'at rational interﬁretations have been made.. A large pfoportion
of the cases. of pefiodicity in&olVe the anodicupolarization of metals.
Typically; potential oscillations are’obser#ed iﬁ:a nafrow, lo&—lyiﬁg _
band of current densities (order of magnitude,;o.l -1 A/cmz). Below
the lower limit, a steady électrode-process'persiSté (e.g., éctive
dissolution); abo#é_the bahd,'COntinﬁous trépsfagsive‘dissolution or
oxygen‘évélution occurs with, ét méét;voniy réﬁddm fluctuations in
potential(' Iﬁ ‘the intefmediéte range, periodiq'traﬁsfers between
active andvpaséive (or transpaséive)vstates are effected (it is said) .
'by changés'in thé elecfrolytevcomposition bfoughtéabout by the ongoing
anodic reactions énd by diffusion of species to and‘frOm the bulk.
Period lengths range from seconds to hours, and the osciilations are
strongly infiueﬁced by tﬁe solution-side mass tfansport situation.

What_is exceptional about the oscillations'tréated in this
dissertatibnvis their occurrance over a broad range of current densities

lying orders of magnitude above that of familiar cases. Period lengths"



‘(
are as short as milliseconds and the phenomenon is relatively insensitiVe

to mass transport effects.

B. Objectives of the Research

As a fitét step to the interpretétion of periodic behavior, the
physicalvand'chémical processes ﬁhich take place dhring each phase of
the cycle ﬁustvbe identified. To do so for the oscillatibns in the
_chlorate.élééﬁrolyte is a prime objecfive éf this rgSeafch; Beyond
this, there are more'fﬁndamentéliandichallengiﬁg éuestions to be .
'an§Wered. HWhaﬁ'induces the eiectrode to progress fepeatedly'thrOugh’the
same sequence‘of'distinct states rather tﬁan apprbéch.a'single, établé_
mixed electrode‘state?' What causes the abrupt changes in electrddé
rstate téthCquat regular time intervals and in phase over extended
electrode sgrfaces, rather than randomly and outbof.phase on, perhaps,
a moééic of sites with microscopic dimensions? Tﬁese questions pertain
to the so-called "all or nothing" behavior characteristic of a broad
class of periodic eléCtrode}phenomena, including Ehe_éase at hand.

In Chapter II, the background of the problem of-?eriodic

. ) - .

electréchemigél phenomena will be discussed. Particular attention
will be given to general épproachés to the ratioﬁélbinterpretation'of
periodicity, askwell as to specific cases of anode ds;illations‘and
their experimental basis and qualitagive explénatibns.

In Chapter III, the experimental difficulties encduntered in high
current denéity regime will be surveyed foge;her with thé generél |
aépects of'ou?-experimental design. Experimental apﬁaratus and materials

will be discussed in detail.



Chaétef'IV'presents the bulk of oui éxperimengél résulté:éoncefhing
the electfigél, chemical, and'morphoiogical aspeéts of the anodic
dissoiﬁtion'éf'copperAin the chlorate.electrolypé;.:ReSults éf éuf
invesfigatipn'of.bfeakdown éharacte;istics ofvtheifraﬁspassiVe films
will be pféseﬁtedf | o |

in Chépter v, experimental resulté will be iﬁtérpreted.and a model
for the periddic growth and bréakdbwn of électrode resistancé will bg

proposed.



single phase system may be found with the ZhaBotinsky—Zaikin reagent. .’

‘are oscillations in the rest potential of corroding "single' electrodes.

II. PERIODIC ELECTRODE PHENOMENA: BACKGROUND AND FUNDAMENTALS

A. Introduction

Periodic chemical and physical phenomena occur in widely'different

classes of reacting systems including multiple as well as single phase

 systems. A striking exampledof spatial and temporalvperiodicity in a

8,9

Diffnslon proeesses and the kinetics of the bromination'of malonateyu
interact to generate three-dimensional, expanding and rotatinglspirall
waﬁéé of reactivltyl This and other.examples of periodic chemical
reactions are of spec1a1 biological interest’ and serve as models for
complex biological cycles found within organlsms and on ecologlcal

levels.10 13 For example, the classic study of Lotka14 on per10dic1ty '

derived from the’ law of mass action has been applied to explain theé
cyclic variation in the populations of predators and prey15 as)well
as to electrochemical oscillations observed during.the oxldation’of‘
organic fuels.16

The earliest observation of perlodlc phenomena.ln an electrochemical
system was reported by Fechner (1828), who observed alternate deposlt1on
and dissolution of silver on iron electrodes.17 Since then, hundreds
of caees have been reported where electrode reactions proceed periodioallyl'
in a spatial or temporal sense;. Most cases involve fluctuatioms in
current or‘potential at electrodes undergoing anodic polarization.

Cathodic current/potential oscillations are also common,18_22’80 as

23f26
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In recent years many cases have been reported involving periodic

reactions aﬁ "inert" noble metals during the anodic oxidation of

27-29

hy&rogen orfhydrocarbons. Oscillations observéd-in the potential

drop across membranes represent a class of electrochemical oscillations

not involving electrodes. L 34

B. Periodic_Phenomena AsSociatéd with the Anodic Dissolution of Metals

Potential oscillations observed with the chiéfate electrolyte
belong to é restricted class of periodic eiéctfdéhemical_féac;idhé.
vThe.clasé is_characterized by the éitérnate production and dgstruction
of current restricting layers of reaction'prodUCté on elecfrodes
undergoiné aﬁbdic'diséolutibn. With galvanostatic diésolutién; fhé '
growth and destruction éf'résistivé layers 1is reflec;éd in.tﬁélpéfiodic
rise énd féll'of potential. If the electrode is polarized By an
external volt#ge source of finite impedance, both anode poténtial,and
chrent will 6scillate.

The prepbnderanée:of cases inperiodic'eleétro&e'phenomena involve
| 38 |

such active-passive or active-transpassive tfansitigns. Older

35,76

literature has been reviewed by Hedges and Meyers, and Indira,

et al.37 Wojtowicz reviewed recent experimental and. theoretical work

in the general field of elec£rochemical periodicity;Bs‘ Some case studies
of periodié féactions invoiving paséivafing_eleéttodes are tabﬁlated
in'Appendik B. | |

The low resistance phase of the cycle is generélly aftributed to

active dissolution, whereby the metal cation passes directly from a

site on the metal surface to an aqueous complex._5Thé high resistance
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phasg is variously_attributéd to: (1) thin okidic filmshsﬁch as'thdse
held responsiﬁle for passivation phgnomena; (2) pdréqs layers resulting:
from the prééipitation of sparingly soluble salts:of'the metal éation;
(3).precipitates from'reiatively soluble aqueous.cbmplexes;'and

(4) "electropolishing £ilms" showing a higher ionic conductivity than

‘passivating films,

Virtﬁally every conceivable scheﬁé has been adduced to account
for thé périodic growth and bfeakdéWn df'resiétanééQ The more
reasonable models include: (1).shifts in the Flade potential>for
active/passivé transitions resulting from changes in ano1yte PH;

(2) sequential deposition, oxidation, and chemical.dissqlﬂtion of a
salt or oxide layer; (3) exhauétion followed by diffﬁsion controlled
repienishment of an acceptor anion necessary for méintaining'active
dissolution; (4) dielectric or mechanical diéruption of thevfesistive
layer; and (5) solid state transformations within'the resistive layer,
such as recrystalization, insulator?conducfor trépsitions, transbort
and accumuiation of aggressive_anions within the léttice, etc. We
shall discuss a few of the models below. |

1. Franck's Model for Oscillations at Passivating Electrodes

U. F. Franck's theory applies tovoséillétions observed with

electrodes capable of anodic passivation.and.exhibiting characteristic

39,40

N-shaped steady state éolarization curves. (See Fig. 2.1). In

1

the idealizedvmodel, transfers between active and passive states occurs

-at a single critical potential, the Flade potential. Oscillationms

result from the pH dependence of the Flade potentiél, which, for the
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2.1. (A) Idealized polarization curve for a passivating electrode.
I,-Vo, load line; abe, active dissolution; bd, porous film formation;
ef, passive state; fg, transpassive dissolution; Vy Flade potential.
(B) Phase plane representation of reaction described by two
variables. dy/dt = g(x,y); dx/dt = £(x,y). OTR, reaction trajectory;
R, quasi-stationary point. ' .
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Fe/HZSO4_syStem, is given by:41
Ep = 0.58 - 0.058 pH (Volts vs. 0.1N Calomel Electrode).

For an eiegtrode initially in the active state; hydfogen ion is
progressively depletéd from the anodic diffusidn layer because of its
high mobility relative to that of the metal cation. The 1oca1 pH
cbﬁsedﬁently;rises.until the Flade potential dréps below the electro&e
botential.  The paésive‘state is established and the current drops
by many orders of magnitude. ‘Gradually the concen;fation of.the
hydrogen'ipn is restored to bulk levels by diffuéion; The.passive
film_is then destroyed by reduction (via local ;ell action) and by
dissolution.: Active dissolution again predominates and the cycle
' bégins aneﬁ. |

Franck showed that no stable, mixed electréde (with coexisting
active and passive sites) is accessible.to the system. A mixed
electrode state would be represented by a point on the falling portion
of the polérization curve at the Flade potential. A SIight displaceméﬁt
.of élecfdrdeipo;ential positive or'negative of thé Flade potential |
would give rise to self—gccelerafing passivation §f:éctivation,
resbectively; Franck and Fitzhugh tested the,thébry using compﬁﬁer
simulation of film growth kinetics and mass transport; the‘periodic

behavior of electorde potential was accurately predicted.
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2, Mbdel'Involving Sequential Deposition, Oxidation, and Dissolution.
of Film' ' _ ‘ ' ’ '

Shamsjgl'Dinvandvad el Wahab reported and&evpéteﬂtial oséillations
duxing theigélvanoééétié dissolution of tin_in éodigm hydroxide éolutions
at currén# densities between 1.5 and 3 mA/Cm2.42' The.pdtentia1.cycléd
between,équiiibripm potentials of the tw§ cbuples,':Sn/Sn(OH)2 and |
Sn(Oﬁ)zlsﬁ(OH)4. Above 3 mA/sz, stannic hydroXi@evénd oxjgén were
- produced céntinuously.‘ The following reaction ééquence was hypothesized:
(1) after application;of current, Sn(OH)2 is depséited oh the énode |
surface; (2)_the Sn(OH)2 is-oxidized to Sn(OH)4% (35 thévlatter |
product readiiy dissolves to.fofm the stannaté'cémplex, feétéring'the
- initial active state. " | -

The~in£erp;étation does not account for thg»failurévof the
dissolutibﬁ,processés to reaCh a steady state, Qhereby thgvstannous
and stannic hydroxides are pfoduced simuitaneOusly'éf'fhe higher
poteﬁtiai.énd~the diStribution bétWeen products isséontrolléa by

kinetic factors.

3. Modelé Involvinngxhaﬁstion énd ReplenishmentJof Acceptof’Anions
‘During the dissolution of silver iﬁ cyaﬁide solﬁtions,FOSCiliations

in currenﬁ’aﬁd potenfial occurvover a narrow raﬁge'of cufrent,densiiies

just below those required for electropolishing.43’4é The following

sequence'was hipothesized: (1) silver initiaily diésblves to form

a soluble argentocyanide (AgCNz_) complex; (2) free cyanide is depleted

from the diffusion layer to form the complex ahd solid AgCN precipitates;

3) access to the metél_is restricted by the solid layer and the current
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falls to a low level; %) the initial concentratioﬁvof cyahide is
restored by diffusion from the bulk; (5) the pfecipitatg dissolves
and the ¢y¢le‘begins aﬁew.vaoopér and Bartlett advénced a similar
model.to:explain oséillations in the copper/hfdrocﬁlofic acid system,

45?46 A common objection

where only CuCl, and CuCl were produced.

2

is that the models assume rather»than explain the inaccessibility of a

stable mixed electrode state.

4. Film Disruption Mbdels_

Poiﬁquattempted to_explain'potential oscillations Qbservéd during
tﬁe disso}ution of copper inrphosphoric acid ‘by:pos;ulaﬁing the .
alternate formation and electrical discharge bréakdqwn of a Cu/CuO/viséous
" layer condenser.47 Lal et al. reported oscillations in the énodic'
: diésolution-of silver in chloride solutions.AS'IThe phenomenon was
attributed to the alternate growth and mechanical disruptioﬁ of a thin
silver chlofide film. In both cases; the authors d& not explain why
electrical or mechanidal'bfeakdown should occur periodically and. in
- phase over'extended electrode su;faces.rather than réndomly and out
of phase at_disqreté sites.v Electrical and’mechaniqal breakdown are
geﬁerélly localiéed events and are followed by fapid.local repair,

. 49 o . :

as in the cases of the valve metals.

5. 1Insulator-Conductor Transitions

Indira and coworkers proposed that oscillations in certain instances

arise from subtle changes in the stoichiometry of anodically formed

37,50

layers. . The model assumes the existence of a thin, non-porous

film on the metal surface through which current flows by cation migration'
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through-latfiée defects. The authors proposed_é gradient of cation
concentratiohvacross thg film causing a s;oichi§metfic excéss near
the metal/film interface and a.deficit near tﬁé film/electrolyte
interface;v‘In‘the inter§éning regibn‘lies a.rélatively defect-free
_ zone-~the stéichiométriévregion (SR). For a wide éiasé_of solids, ioni§
conductivity is proportional to defect éonéentra;ion;. Hence; the.
SR separates two higher conduc;iVity layers, and thué the ensemble
is analbéOUS:;o a parallel platé condenéet._'As the fiim thickens
during anodic dissolution, the field strength.inc;géseé in the:SR
until it is‘deStroyed by_an élec;rical diséharge_ﬁe;ween ghe qu |
_extreme tegioﬁs. The discharge leaves behind filaménfs of,highlyv
defective and_henéé highly conductive material. 'Thevbﬁildu? Orjfépai; '
» _of'the stoichidmetric region then Beginsbanew. :The mecﬁanism fof;- 
restoring fhe high resistance state is.not identifiéd,b& the authors.

| Iﬁdir; énd coworkers offered no quantitativé prgdictions.based on
their model; nor was the existence of the conductingifilameﬁts vefifie&'
experimenﬁaily. Nevertheless, the Basic éssumptién of a concentration
gradient and conductivity profilg within the éolid film has sound
theoretical basis. Caléuiations of mobile ion cthentratioﬁ pfofiles E
:have been made by Fromhold and Kruger.s'l Field-induéed insulator ﬁo_

conductor transitions occur in a variety of metal oxides and often

involve the formation of high conductivity filaments. (See Chapter IV—D).

We shall return to a discussion of non-stoichiometry and conductivity

in Chapter V.
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C. ‘Problems in the Elucidation of Periodic: Electrode Reactions

The‘eludidation of periodic electrode reacfidns requires an
identificafiqn of the processes dominant during.eédh'phase of the cycle.
The models described above present reasonable mechapisms for the grbwth
~and destrﬁétion of ¢urrent—restricfing layers. With,the exception éf
_ Franck's séﬁeﬁe, the models assume rather thén e#plain why growth and
breakdown shqﬁld occur in séquence and in phasevOVef an extended |
electrode sufface. The authors do not rule ou;‘tﬁe:possibility that
the growth aﬁd breakdown prdcesSes could occur siﬁﬁltaneously but out
of phase on discrete sites on the electrode surfaée, With a sufficiently
large number of sites, the cﬁrrent and potentiél’might approach steady
levels which feflect the average effect of'sites iﬁ.different stagésl
of growth and breakdown. |

Franck showed explicit1§ why a stable mixed electrode sfate could
nﬁt‘bé atﬁained with the processes he hypothesized for the iron/acid
systems under:fhe-experiméntal-conditions where osgillationé were
obsefved. - However, proof oé the inaccessibility’§f a stable mixed
electrode,sﬁéte is not sufficient to explain fhe'Observed periodiéity.

In many other situations, stability is clearly not obtainéd, yet the
consequent fluctuations are random. Examplesﬁinélqdé: (1) the high
frequency (10$in) flu&ﬁuations in the Ag/AgCi/HQlisystem, which are
attributed té.alternate'charge and discharge of:é PN junétion in the’

37,50

silver chloride layer; and (2) the random potential fluctuations

observed during the anodization of zinc and cadmium resuling from

‘localized breakdown and repair of an oxide film.®l
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The osfiliations observed with the copper/Cﬁloraﬁe'systém as well
as'the éieé;rode/electrolyte combipations reviewedbabove are ndt random
but show a high degree of "regularity": succgssiﬁe cycles are of similar

* (and often idénticai) amplitude, period, andeéveform.. The regularity
~of the oscillations is at oncé the most strikiﬁg-and most difficult
;featufe.tofexplain; ‘To account for the regulérity,-dynémiCSZQf the
hypothesizéd processes may be represented by é.sefiof.differehtial
equations;”édlutioﬁs'tq the equations (if q?taihable) pén be examihedv
for peri&dié»behavior. (See Section Ii-D) ‘ |

We suﬁmarized tﬂe prob1em 6f perio&icity'és follows:'i

(1) The'mechapisms inﬁolved in‘the-growtﬁ and destructioh of.

: resistviv‘e.lévytgrs must be identified. |

'(2).The:mechéﬁisms must be shown to be iﬂcompatible with the

AaﬁtainmentAéf a sﬁable ﬁixedvelectrode state.v‘. |

(3)'Ihe instability must be shpwn to §ause regulériyvperiodié =

changes between electrode states.

D. Approaches to the Quantitative Interpretationvof Periodicity =
The'interpfetations for oscillating systems described in Section II-B
were limited (Franck's model ‘excepted) to hypothetical descriptions
of the sequence of events during individual oscillation cycles. Such- -
interpretations do not coﬂstitdte proof that the'prbbosed mechanisms

should lead to oscillatory behavior.
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1. Mathematical Modeling of Reaction Kinetics
A strdnger argument for a hypotheticél.scheme can be made if the

processes'can be accurately described in a mathematical model and if

- the resulting'equations exhibit oscillatory behavior. Higgin552 and

Frank—Kamenétskii53 treated the general probleﬁ'bf_oscillatibns derived

from reaction kinetics. The kinetics of a compléx‘chemical reaction
can be described in principle by a set of kinetic:equations of the
form

dxi/§§ = Fi(xl’XZ""’ Xiseoos xk)_ iz='132,...k (1)

- where subscripted x represents the activities of the reacting species.

The Eq. (1) will in general involve non-linear terms and analyticél'_
solutions may be unobtainable.

.The interpretation of oscillations in the Cu/HCl systemiby
54,55 |

Bonhoeffér-_ exemplifies the use of graphicalisolutidns to equations
of the form (l). Bonhoeffer considered the periddicity to result

from cross—coupling between the processes of growtﬁ and dissolutibn

of solid cuprous oxide and cupr0us.chlofide. 'Aécp%dingly, Eq. (1)

take the simple form:

dx/dt £(x,y) @

dy/dt

8(x,¥) R ®

. where x and y refer tq‘the quantities (in units,'moies/cmz) of cuprous

oxide and cuprous chloride adhering to the metal substrate. -
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Solutioné of Eqs.v(2) and (3) may be représénted as a family bf-
curves, or reaction trajectories, on a phase plane'with axes X and y.
(See Fig. 21b). On the trajéctories, time may be indicqted:as a |
paraméter.i With givén initial conditions, the'course of the reécﬁion

is prédicted by solving the equation,

dyldx = g, /f(x,y) @)
Bonhoeffer evaluated the functions g and f for combinations of tﬁree
expe;imentaliy detérmihed’vélues of x and y. Awéloééd—loop’trajectory
was construcﬁed by the method of isoclin'es.56 -
Mathematical modeling allows the ideﬁtifiéatiqn of'pqssiblg sfable
electrode étates. In phéée plaﬁe répfesentation; it is convenient to
depict thé gﬁrvés | | o |

(5)

]
o

f(x’Y) :

and

g,y) = 0 ®

Pbints of3interséctioﬁ represent system composiﬁiéns whére‘the,time

rates of_Change of x and y béthvvanish. Such iﬁﬁérsections, called
"quasi—stationéry points," may correspond to either.stable or unstable
electrode states. Stability may be determined by_éxamining the behavior
of Eqs. (2) and (3) in the region immediately surfounding the intersection.
For a reacﬁing system where no sustained oscil;atiqns are observed,

dllltrajectories lying within a region surrounding the quasi-stationary
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‘point will tend toward thistpoint. The reaction trajectOry may be

monotonic, 6r‘it may pass through a number of maximé.and'ﬁinima in
X and y (damped oscillations). .Othefwise the intersection will be
unstable. ‘A family of trajectories will then lead away from the point
and may éppréacﬁ a stable limiting cycle. The necéssaryvconditions
fof'tﬁe exisﬁénce of a stable cycle are discussed b_y_HigginS.52

. Mathematical modeling of_reactidn kinetics is'of limited éractical
value ihvthévquantitativé intérpfetation of pefiodicity at passivating
electrodes. "Small errors iﬁ the magnitude of kiﬂétic parameters'or
the inadvertant exclﬁsion of terms in formulating the equations may
lead to ma#heﬁatical solutions of drastically différent éharaCter.

The approach is chiefly useful in the elimination of certain hypothetical

- mechanisms which predict only stable stationary'points or which fail

to fulfill the necessary conditions for s;able limiting cycles.

Finally it should be mentioned that mathématicai’modeiingﬁis not

restricted to oscillations derived from mass actibn;»models of Franck

an&‘Fitzhugh4l and Degn30 include explicit'representation of mass
transport effects.

2. Modeling of Relaxation Oscillations

. The implicit assumption of the previous discuSsioﬁ was that a set

of kinetic equations could be found which would describe thé'course'of

an oscillating.systémt This is rarely possible in electrode oscillations

involving passivating films. The majority of cases of anodic oscillations

are of the so-called "relaxation" type. Relaxation oscillations are
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chafacteriééd.by'ﬁbfupt changes in the state of £heLfeacting system,
‘ whéﬁ the ongoing processesAbriﬁg the system beyéﬁdvsome sharply definedl
stabiiity limit. |

A cleariexaﬁple of a relaxation oééillation.(ip a ndn-electrochémicél

33 (1) a vessel is subjected to

system) is given by Frank-Kamenetskii:
' a.constaﬁt rate of infiux Of‘féa;tants;'(Zy &heh a critical concentration
is reached;:and explosion'tékés place and the reactants in the vessgi_
are rapidly ¢onsumed; (3) the'BUild up of feaétants_toward the criticéln
1evél begins énew;" | |

Many cases of oscillations involving ﬁassivéting electrodes follow

an analogous sequence in the buildup and abrupt destruction of resistive

surface layers. While the growth kinetics of the layers méy'be matheméfi%

cally described, the propagation of the relaxation is.oftén of a complex
nature, and a precise ﬁéfhematical descriptibn méy'ﬁot be known.
Therefbfe.the relaxation process is treated as a diééontinuity; .Relaxatibn
oscillatioﬁs;are conveniently represented on a phase plane as a series -

of analytical curves (for growth kinetics) conneqted by'lines signifying

' quasi-disdoﬁtinuous jumps (for relaxation procesSeﬁ);

In the médel qf Franck and Fitzhugh; rapid pfocesses of short
duration occﬁr‘at the Flade poteqtial gnd iﬁvolvé-the npcleatio@_of the
passive fiim and its destruction via local cell action. Explicit
representation of the processes are substituted in.the computer
"simulation.by a discontinous chénge betweén two sets of equations,
one of which is operative above the Flade potential and the other,

- below the Ela@e potential.
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In fhé»intefprétation of(relaxa;ion‘oscillafioﬁs,.it'is not
necessary to fulfill the conditions_requiréd fof limiting cycles =
derived fbr'kinétic oscillations. Nor is it required to détermine the
stability'6flquasi—stationary points in the phasébplane diagram. It
is only negéssary to pfovelﬁhAt, becauée of the intervention of the

relaxatioh.event,vnd stable system states are acdessible,
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ITI. EXPERIMENTAL DESIGN AND APPARATUS

A. Considerations in Experimental System Design

Potential OSCillations observea daring coppet:dissolution in the
chlo:ate eiectrolyte occur only at high curreat'aeﬁaities, in the range
of 1 to'lSd A/cmz. _Experimental studies at suéh alevated current densities
prasent techniaal difficultiés_in the design ofvéléctrolysis cells;

The prqblémS'encounteréd in the high current density regime were'reviewed

by Landolt, et a1.%9

In ourAinvestigation, the primary factors considered
were: (1) provision of Highvrates of-solution-aide.mass transport;

(2) prevention of excessive ohmic heatiagvbf-thé electrolyte;ﬂ(3)_thef
choice of electrical variable (current and/otsﬁoténtial) to be meaaufe&v_
and practical limits of the accuracy of.electri;al‘meaSgtemeats; an&

(4) problemsfarising from the continuous recession and changes in

topography'of the anode surface during arodic disSolution.

1. Mass Transport Considerations

Anodic dissolution proaesses.involve the’transport of reactants to—-
and reaction products away ftom'the anode/electtalfte_interface. If
reactants an& products are in the form of diasolved ions, transport
may be effected by a combination of moiecuiar diffuaion, ion migration
in the electric field of the electrolysis cell, and»natural or fotcad
convection_of'the electrolyte. Solid reaction:ﬁroducts may be

transported by entrainment in the electrolyte flow.
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Thé_electrolytic cells and flow systems uséd in this research provide

for forced convection of.the.electrolyte underbweli—definéd hydrodynamic
condition;. The mass transfer capabilities Qf #heée-syétems may‘be
characterized by certaintdimensionleés cofrelations. These correlétions
express é dimensionless mass transfer rate, the_Nusselt number, as a

fﬁnctioh of Reynolds‘number and'Schmidtvnumber:v'In Table III-1, mass

'transfer'equations for the various flow systems used .in our research

are presented together with ranges of applicability and definitions
of symbols;

For our purposes, the méss transfer‘cofrelﬁtions are useful (1)
for‘estiﬁatiﬁg tHe'limiting transport rate undef given hydrodYnaﬁic
coﬁditibnsg (2) for predicting fhe dependence of‘the 1imiting rate
on system parameters (e.g.,'flow réte,'transpért_properties, and
characte;istic dimensions); and (3) for comparing the mass transport
capébilifiés”of different flow systems. To facilitate thé comparison
of‘differént flow systems, we may calculate the Nernst diffusion

boundary layer thickness, §, from the equation
§ = X/Nu (1)

where X is the characteristic dimension used in the Nusselt number
formulation.
The complex problem of mass transport in electrolyte solutions

is not pertinent to the problem of periodic phenoména'at hand, and

" the subject will not be treated further at this point. Discussions

of transport phenomena in electrochemical systems may be found in

91,92 93

Newman -and Selman.



Table III-1.

‘Mass transfer correlation of experimental flow.systems.

Characteristic

AV

kinematic viscosity

‘concentration in bulk

_ Mass Transfer _ _ ,
~ System Correlation: - Quantities Comments ’References
[ Nu = 1.85(ReSc D /L)1/ 3 D, = hydraulic diameter Laminar flow. Newman (91,92)
Nu % kD /D ‘ L = electrode length in  (Re<2000) '
Re = VDh/v direction of flow (ﬁz::?ge mase transfer
V = average linear flow
Sc = v/D rate '
. Channel Flow ¢ ’O _ _ :
Systems " | Nu = 0.28Re (ScD /L) (same as above) Mass transfer enentry Von Shaw, et al.(96)
o - ' ' region in fully developed ‘
Nu th/D turbule? flow 4
= _ D},/L<Re’ 2(10' ) i
Re VD_h/v (Average mass transfer N
| Se = v/D rate) - : [
[ Nu = 0.62 Rel/2 1/3 r = disk radius Laminar flow; Re<2;7(105) Newman (91,92)
Rotating ) N“:= kréD @‘= rot:§ion/rate
Disk Re = wrl/v (ra ans_s)_
| | s¢ = v/D
Nu'= 0.78 Re 1/2 1/3 R = radius of entrance Arvia and
‘S Nu = kR/D - tube - . ‘Marchiano (97)_
tagnation U = potential flow rate; '
Point Flow | Re = UR/v P - rate;
(Jet) approximated. by average
, linear flow rate of
: . ‘o _ impingeing jet .
Definition of Symbols S -
k = mass transfer coefficient = N/AC N = flux :
D = diffusion coefficient A _ difference between concentration ‘at interface and
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2. Ohmicheating'of the Electrolyte Solution

At high current densities, considerable ohmié'heat;may be generated.

in the interélectrode gap. The rate of temperature increase at a point

'within thé,electrolyte solution may be estimated from the equation:

dr/dt = IZ/(cpdke) | j e (2)

where T = temperature; t = time; I current,denéity; cp = electrolyte

heat capéqif&; d = density; and ke electrical conductivity. In
writing Eq;'(z) we have neglected heat losses:aﬁd have ignored the -
temperature dependehce:of material coﬁstants.  For a ﬁair of plang
parallel eiectrodes'Eq. 2) predicts that a stagna#t»ZF NaCin
electrolyte in the interelectrode gap would boil within 0,4 s after

the application of a current density of 1O'A/cm2.

The temperature rise could be kept within réasénable iimits by
limiting'éxperimental times, but this would not 5e feasible'for an
investigatiép of periodic, time dependent phenomeﬁa.-vIt is‘therefore
necessary-fo limit the residence time of the electrolyte.in the region
of high ohmic dissipation by providing fof a 1argé volume flowirate

through the.intereleétrodé gap. For the flow channel Systemé‘used

in this research, the steady state temperature iﬁcrease in the electrode

gap may be estimated from the equation:

T - (IzsA)/(cpdkeQ) '-i-‘» S ®

where Q = volume flow rate; s = electrode separation; and A = electrode

area. qu‘the channel flow system no. 1 (see Section ITI-B.1),
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A= 0.09 cmg and s = 0.1 cm. At a volume flow rate of 15 cm3/s (Re=7000)

3.
only 0.0SdC at 10 A/cm2 and 5°C at 100 A/cmz, assumihg no heat losses.

the steady state temperature increase for 2FVNaclo "solutions would be

3. Measurement of Electrical Variables

The'pefiodic phénomena in the'c0pPer/éﬁloratéV5yétemiare'ménifestéd
by fluctuétidns in'curreét'and potential when‘thé eiectrolytic cell |
ié connectéd.in'series &ith an external voitége_sbﬁfce 6f finite
1mpédanée._.For simplicity, we méy consider'thié Géltage7source to
. consist of a battery placed in series with a resiétdr.' Constant cell :
. voltage wouid be obtainedlin the.limit of zero é#tefnal resistance.

On' the othef hénd;'constant current would_bévdélivgfed by a voltage
source withvén‘infinitely high resistancg{ : | B

We have chosen to inveétigate'the dscillatbry phenomena under
- galvanostatic (i.e., constant current) conditions, using electronically
confrolled éonstant current sources. This approach alloﬁs one .
electrical'quantigy (the current) to be accuratély fixed and treated
as a system paraméter. Anode potential f1uctuati9ns-ﬁay then be
measured‘agéinst a reference electrode immerséd_inzthé electrblytéi

The claséical érocedure for the measurement of.électréde potentiél
employs a”so—called_"Luggin-capillary".95 The tip of a capillary -
tube is positioned close to the solution side of the electrode/
electrolyté interface. The other end of the_tube opens into a veééel
containing a reference electrode. Electrical contact is obtained by

filling the connecting tubes and capillary with a sﬁitable'electrolyte.
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In the channel flow s&stem no. 1, the capiliafyﬂfubé is'replaced b§
a small hol-é drilled iri the Qal:l of the flow channel just upstream
from the elecfrode. | |

vErtdrs in anodevpotentia; measurements due to ohmic potential
drop iﬁ:thé electrol&té are pfoportional to the.cdrreht density and
to the separation between_the capillary opening and the anode surface.
For a cqrrent density of 30 A/cm2 and a separatiéﬁ distance of 0.01 cm,
the,erfor ih'anode potential resulting from thé ohﬁic pdtential
contributidn:is roughly 3 volts iq 2F NaClQ3."Thevpr6blem of estimating
this errof_is compounded by'the continuous regeééibn of the anode
surface during Aissolution;'by changes in local current‘distriﬁutionv.
during fhe potential cycle; and by distortion of the Curréﬁt distribution
»in‘tﬁe electrolyte by the capillafy opeﬁing.‘ |

An alternate approach to anbde potential measufemeﬁt émploys a

’referencé electrode "at infinity," i.e., far from Eoth the anode and
cafhode}vyfhe reference electrode is then situafed in an environment
of low cuffent density,vénd the measured anode potential is no‘lbnger
sensitivé fé smail errors in electrode poéitioﬁ. ’éuch a configurétion
is useful iﬁ the rotating disk electrode system, where the ohmié
.coﬁtribution may be accurately éalculated; ' : ﬂ

Finally, once it has been experimentally estab1ished that the
cathode po;ehtial‘fluctﬁations are small in COmpariSdn with the
amplitude of the anode potential oscillatioms, uéefui information
on oscillétibh waveform, aﬁplitude, and period ﬁayyﬁé derived from

cell voltage measurements alone:
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4. Changeéﬁin the Position'and'Topqgraphy'of'thé_Anode'Surface*
Anodic dissolution involves the continuous removal of the metal

surface. As a rgsult, the position of the metal/electrolyte interface
recedes——at a rate given_ by the equation:.

dx/dt = eIM/(zFd) . : (4)
where k = interface position; t = time; e = current efficiency for"
metal removal; I =_éurrent'density;.M = atomic ﬁeight‘ofvthe mefal;

z = valence changeﬂof the metal; F = the Faradayfconstant; and

d .

density of the metal. 'At 100 A/cmz, the rate bf'recgssion is
approximatély 0.007 cm/s, assuming a curre;t éfficiency of 1.0 agA' _
a valence'éhange of 1.0. | | |
.'In the channel flow»systems'and rot#ting disk: systenm, the

hydrodynamic Situation'is well—defined'only when.the.electrode_surface
lies in the;plane of the surrounding insulation. The fqtatiﬁg |
hemispherical electrode has been.suggested fof anodic dissolution
studies bécéuée'the system maintains a similér géométry and fluid.
flow pattern after extended metal removal.g4 Thevs;agnation'point
flow system.déed in our work has a similar‘advantagég

Extended perio&s of anodic dissolutién also lead‘to changés"ip
surfaéel;opography and area. Uncertainties in surface area introduce
errors in éalculated currentidensity. |

The effects of electrode recéssion and shape change were minimized
in our workfiy limiting the duratién of ekperiﬁen£al funs.»‘The :
recessiOQ of the an§de surface was generally 1iﬁited to 3% of the

electrode width or diameter.
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B. Experimental Apparatué'

1. Channel.El§w Syétem No; 1 ("Channel #1'")

,fThe‘chaﬁﬁélelow system no. 1 was designed by Kinoshita,for his
investigétion of high curfent density copper disséiution in a Variety
of electrolytes.s’89 The fldﬁ system'wasvdesigned to provide forCed

convéctibnvof the éléctrolyte under well defiﬁed’hYdrodynamié conditions
atheynoldsvhumbers up to 10,000.

A.ééhématic of the flow system is shown in Fig; 3.1a. Electrolyfe
is ciréulated'through the system by means of a ppsifive displacement
pump (B);* The electrolyte fiow_rate may be adjusted‘with the stainless

. sfeel neédle valve on the by—pasé pipe line (D) or with the variable
speed ﬁontr01 on the pump motor. Flow rate is measured with a
Rotameterv(E).%* The Rotameter was célibfated by measuring the voluﬁe
of electrolyte displaced tﬁrough the cell in a meaéured time interval.

| . The electrol&te,supply tank (A) and the drain tank (B) were

constructed of polyethylene and polyvinyl chloridé (PVC), respectively.
Pipe lines énd valves were constructed of stainless éteel.

The reétangular duct flow channel»(F) was constructed of PVC. The -
eritrance léngth provided by the flow channel is 36 cm (200 hydraulic
diameters).i This entrance length is sufficient to establish the stable.

parabolic velocity profiles of laminar flow.”?

* ‘ ' : ‘ :
Constametric Controlled Volume Chemical Pump, Milton Roy Co.,
Philadelphia, Pa. '

%% : . v . :
Safeguard Rotameter Type 3RB, Shutte and Koerting Co., Cornwall Heights, Pa.
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Fig. 3.la. Schematic of Channel Flow System NQ} 1.(A) Ffesh o .
’ electrolyte reservoir; (B) piston pump; (C) -accumulator; y ‘ j
(D) bypass line; (E) Rotameter; (F) entrance channel; - -

G) reference electrodes; (H) cathode; (I)-anode; i

(J) capillary for sample collection; (K) spent electrolyte H

. reservoir. A _ _ . . P w0
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Fig. 3.1b. Electrolysis cell of channel flow system no. 1.
' - (A) electrode current connector; (B) capillary tube; (C) Epoxy '
cell body; (D) PVC entrance channel; (E) O-ring seal;
() rectangular duct; (G) anode; (H) capillary; (I) stainless
steel flange. (J) cathode; (K) O-ring seal; (L) electrode
holder. o . .
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Thg flow system waé modified for our experimeﬁtal work as follows?
(1) the gfease—packe& piston bearings were.repiéced by Teflon bearings;
(2) the aééuﬁulat;;‘(c)'was fbund Unnecessérf'aﬁd:was removed.

A schematic of tﬁe chanﬁel.flow cell no. 1 is §hown-in Fig. 3.1B.
The recc;ngular duct channel (F) is 0.3 cm wi.d;_ 'én& 0.1 cm deep. The .
anode (G)jénd cathode (J)-éfé'rectangular'bars_witﬁ”dimensioﬁs | |
0.3 cm x:O;S.cm x 3 cm. The square ends of th¢ électrodes are‘the 

active surfaces and are positioned flush with théAHorizontal'walls '

of the flow channel. The énode surface faces upwards in all‘experiments

with tﬁe(chahnél”flod systémfl.>
.A gap;df-roughly 5 miis existed‘bgtween the long sideé of thé.

electrodes'aﬁd”the epoxfkfésin céil body (C). T§ pfevent stréy
diésdlution éloﬁg the sides of the anodes, a coaﬁiné of ihsdlating
varnish Was_épﬁlied._>(5ée Section IV-A.1) Léakagé of électrolyté
around thé cjlindriqal electrode holders‘(L) was prévented by Teflon
O-ring seéis (k)i‘ |

| Capiliary.holesﬂ(ﬁ).were drilled into thgiceii'body jgst Upstréém
of the electrodes. The'capiilaries opened inté éfainless steel tubes
(B). The tubes were coﬁnéctédeith Tygéh tubiﬁé_fo_glass veéselsi o
contaiﬁing commercial saturated calomel reféfence_electfpdes.* The
vessels and. connecting tubing were filled wiﬁh'ZFAﬁaC103 to éstablish:
electrical contact between the reference eiectrodéé and the énode or

cathode.

N T . . :
Beckman Fiber Junction Reference Electrode No..39270; Beckman
Instruments, Inc., Fullerton, Ca. -
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The vertical 65113 of the flow channel (not‘shown in Fig. 3.1b)
were constructed with optically flat glass. A telescope was pronided
for‘positioningvthe electrodes and for viewing the'development of
reaction product layers during dissolution. |

The constant cnrrent source employed with‘all'the flon systems
.,was an ElectroniC'ﬁeaSurements‘PowerVSupply, Model C618;* ‘The power
: supply delivered ajmaximum of 3A at 200 V. The.rise time of the
instrument is approximately 10 3 |

Electrical measurements were recorded w1th a Brush Light Beam
Oscillograph*' The instrument has six separatevinput amplifiers,
the outputs of which are fed to separate galvanometers in a photographlc
recording component. The galvanometers are mechanically linked to
mirrors which deflect light beams,onto a movingistrip of photosensitive
paper. TheiohotOgraphic records are then developed by exoosurevto
ambient'roomvlight. The system response freqqency‘is 103‘Hz.. The
frequencyiof the potential oscillations is of the same order of magnitude
at current densities.above 50 A/cm2 hence the use of the osc1llograph
was limited to lower current densities.r |

_In work;with the channel flow system no. 1;gcell_v01tage,.anode
potential, and cathode potential; as well as the noltage'drop across

a low resistance current measuring shunt, were recorded.

* : .
Electronic Measurements, Inc., Eatontown, N.J. -

Series 2300 Brush Instruments, Division of Clevite Corporation,.
- Cleveland, Ohio
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2. “Channel Flow System No. 2 ("Channel #2")

."')» -_

Our inv'”tigation of the effects of bulk electrolyte temperature

and compositlonw(including pH) on the anode potential osc1llat1ons
required a floy system of low heat capac1ty and low electrolyte "dead
volume." | The channel flow system no. 2, des1gned by D. Landolt,3
was usedfin_this work. |

A photograph of the system'is shown in Flg;.3.2a; Electrolyte.
is forced through the channel flow cell (E) by a piston pump (C).

A dial indicator (B) 1s attached to the speed control lever of the
motor. The capacity of the piston pump is 400 ml,

The:pump cylinder was constructed of PVC, and'connectlngvtubes
and fittihgs werevmade of Tygon, Nyloh, or Pyrex.lyThe'electrolysls
cel1~(E)'was constructed of Teflon and Epoxy;ngence, no uetal parts
were ln contact with the electrolyte other than the electrodes.

A schematic of the flow channel cell no. 2.is'shoun in Fig. 3.2b.
Rectangular electrodes, 0.05 em X 0.3 cm, were cast into epoxy
cylinders;-(c) and (K). The'cylinders_were separated by -a Teflon
sheet of thickness, 0.05 cm. A slot 0.3 cm wide was cut into the Teflon
sheet to form the flou chaunel. The anode (H) and cathode (4) were.
positioned on opposite walls of the flow channel,.with‘the anode
vsurface facing'upwards. The shortrlength.of the‘electrodes was
parallel to the direction of flowr. The anode cylinder"was pressed

against the Teflon seal by means of four knurled screws (G).
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CBB 681-213A

Fig. 3.2a. Channel flow system no. 2. (A) electric motor; (B) dial
indicator of motor speed control; (C) piston pump; (D) electrolyte
reservoir; (E) flow channel.



=36

O

prrrrrr /—1

@ p7777777)
K ‘7—

m

ST

}

AL I I I ET IS TLTLIILIIIE AL ASSTLLTALIILRLLL L LR RN ARV R RNy

XBL747-68ll

Fig. 3.2b. Flow channel no. 2. (A) cathode; (B) machine screws;
(C) Epoxy cathode holder; (D) entrance tube; (E) Epoxy cell
body; (F) stainless steel flange; (G) machine screws;

(H) anode; (I) stainless steel ring; (J) O-ring seal;
(K) anode holder; (L) exit tube; (M) Nylon tube; (N) flow
channel.
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The.hYdrodynamic'eﬁtrance.length of 1.3 c@ (15 hydraulic diameters)

is,insufficiéht'for the establishment of stable velocity profiles.

3. Rotating”Disk Electrode System ("Rotating biSk“)

‘The.eié¢trolyte is ¢ontained in a 1.5 L.glaSs beéker (14 cm diam%ter,
rlo'cm deép);- A copper wire mesh (total»geometric_éfea, 250 sz) was
pressed against the bottom of'tﬁe beaker t0‘servenas5cathode. The
fdtatiﬁg éhode surface was positioned on the cént:al axis of the
beaker,'6—8 cm above the cathode. With this'configdration; the anodé
surface faces down. | | |

The rotating anode unit is shown schematicaiiy in Fig. 3.3. To
construc; th§ anodes, brass rods were tapered énd'fhreéded for
v attachmént.to fhe mofor dfiven spindlev(A); Cylindérs of OFHC copper
(C) were silver soldered t§ brass connectors (ﬁ),:‘With the use of
. a dummy spiﬁdie mounté& in a precision lathe, thé'brass and éopper
stocks weré-tfued and turned to a diameter of'0;564£0.001‘¢m. An
Epoxy caétipg (B) provided an insulating plane sufrounding the anode
~ surface. The anode surface a?ga ié 0.250 cmz.‘
The totating disk assembly was powered by é‘%ah.p. variable

speed DC motor.

4. Staghation Point Flow ‘System ("Jet")

A stagnation point.leW'system‘was designed'to allow the investiga-
tion of periqdic'phenomena'at high current'densities under well defined
hydrodynamié.conditions. The anodes used in this system have small

active surface areas (0.02_cm2). Current densities-as high as 150 A/cm2
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Fig. 3;3, Rotating disk electrode. (A) Spindle; (B) Epoxy

anode holder; (C) copper cylinder anode; (D) brass cylinder V

connector.
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e

may be attained with the Electronic Meésuremenfs‘?oﬁer Supply deiivering
a current 6§ 3-A. ‘The 1ow'totalkcapacitancé of‘ghé‘électrolyte cell,
the_low total power dissipation, and the rapid‘_(']..O_3 s) rise time of
the powerlsupply give thisvsystem distinct advahtages over systenms
of larger sc51e. Finally; the low weight'of the”ihdividual anodes
(0.7 g) allow weight loss measuremeﬁts to be made with a precision
of 0.01 mg. . | B

A chss»section view of the sﬁagnation point fiow cell is éhown
in Fig.'3;4;' A jet of electrolyte flows through fﬁe entrance tube
(A) of diaméter 0.32 cm and impinges on the sﬁrfaée of the anode (H).
The electroiyte flows radially over the cathodé_(J) and up through
six, 1 - cm diameter holes (D) to fill the spent eiectrolyté reservoir"

(B). The anbde wire is press—fit.intd the Teflon plug (G), which

‘provides the plane of impingement of the electfolyte jet. Electrical

contact is made tovthe cathbde By means of an inéulated copper rod (L).
To allow adjustment of the position'of the entrahce-tube, the tube
and the floor of the Lucite celi body are threaded._ A retaining nut
(K) locks fh¢'tube in place. The upper (C) and:lqwer (I) halves of the
Lucite ceii body are held together with screws (F); and a ring pf
Teflon (E) seéls the joint; -

The piéton pump used with channel no. 2 proﬁidés a ;ontrolled
eiectrplyte'flow.to 450 cm/s (average'lineér flow\réte in the enfrancer

tube).

»
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3.4. Stagnéfion point flow cell. (A) Lucite entrance tube;
(B) used electrolyte reservoir; (C) Lucite cell body; (D) drain

- holes; (E) Teflon seal; (F) machine screws; (G) Teflon anode

holder; (H) copper wire anode; (I) Lucite cell body; (J) copper
ring cathode; (K) retaining nut (Nylon); (L) copper rod current

- collector. :
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5.  Stationary Electrolyte Cell

The time.scaie_of the ﬁeriodic phenomenakis gréatly expénded at
low current densities: at 1 A/cm2, the oscillation cycle lasts roughly
5 secondé, aﬁd therefore changes in dissolutioﬁiéheﬁistry and electrodev
morphologyﬁWithin the cyéle may be resolved. Hdﬁéver, fhe charge passed
in each cycle is small (4(10_5)'eq/cm2 at 1 A/qﬁzj as is ﬁhevweight
lpét by the éoﬁper aﬁbde 3 mg/cﬁz);' An electrélytic ceil was designéd
to pfoﬁi&¢§ >(1) ablafge anode area--to providé for'meésureable |
wéighﬁléésés§ (2) a small anblyte volume=-to bring'qoncéﬁtration changes'
uﬁ to meaéureable levels; (3) a uniférm primary]cﬁrfent distribﬁfion;
:.and (4) suppressed mixing of anolyte andvcatholyté.” o

The cell is shown in Fig..3.5._ The aﬁolyté,chamber (H) has:a
volumé of 20 cm3 and is separated from the cathoiyté chambér (K).by
filter pépervdiaphragms (1I). The énode is a disk of OFHC copper,
5 cm in diameter and 0.1 cm thick; the "active" anode has aﬁ area
of 9.6 cmz. . The cathode is a copper wire mesh.of'tétal surface area,
25 cm2. .The two halves of the Lucite cell body_ére held together by
bolts (A),twhich clamp the anode disk firmly to a large brass heat

sink and elecﬁrical connector (G).
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Fig. 3.5. Stationary electrolyte cell. (A) Machine screws;
(B) Lucite cell body; (C) copper disk anode; (D) Teflon
ring seal; (E) Lucite cell body; (F) anode connector;
(G) brass heat sink; (H) anode chamber; (I) filter paper
separator; (J) wire mesh cathode; (K) cathode chamber.
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C. Chemicals

CoEEef

The copper wire used with the stagnation point flow system was

: _ ) .
zone refined by the manufacturer to a high purity; 99.999+% Cu.

Quoted impuritles, in parts per million by welght were as follows:

Zn<5 Sn<1 N1 P, Pb<1 0<2 Mo<5; rare earths <'1; CL<0 01.

In all'other flow systems and in the stat;onary electrolyte cell

oxygen free, high cbnductivity copper (OFHC) was used. The purity of

the OFHC copper was 99.99+%. No impurity specifieations were quoted

k%

by the manufacturer.

'2.

Sodium Chlorate

Electrolyte solutions in all cases Were-prepared with '"Baker

© kkk o
Analyzed" Reagent grade sodium chlorate; or Baker and Adamson Reagent

kkkk ‘ ‘ ' :
Grade sodium chlorate. Chloride content of the salt was below

50 p.p.m. ih'bothrcases.

kkk

Stock No. 29-29-199-062; lot 29-16543; grade Marz; Materlals
Research Inc., Orangeburg, N.Y.

OFHC, Alloy 101, American Brass and Copper Co., Inc.,"EmergyVille, Ca.
J. T. Baker Chemical Co., Phillipsburg, N.J.

%ok .
Allied Chemical, General Chemical Division,_Morristown, N.J.
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v, EXPERIMENTAL STUDY OF THE ANODE POTENTIAL OSCILLATIOng

" In the pfécedihg chapter, thébexpéfimentallapparatus; instrumentation,
and chémicals were described in detail. |
In thi; chapter, we sh#ll’repétt the procedures and results of an

experimental investigation of periodic bﬁenomeﬁa in.the high cﬁrrent,
density énodic diséoiutiog of‘copper in the chldrate elect;olyte.

The eXperiméntal stqdy falls into four méin catééoriesﬁ 1) electriCalv
proper;iés‘of'the oscillation (i.e., pefiod, amplitﬁde, Qa?eform); |

(2) chemiéalbaépects of the.&issolufion pfoéeéseé{v(3) morphology éf the
anodié reactioh productévénd of thé pqpper Substfépé; and (4) éléctrical
breakdown §f the thin films dﬁ copﬁer. Certainfbbéefv;tions will be |
ahalyzed éﬁ&';htefpretéd'in thié chaptef. Iﬁ_?h;ptér V;'the différent o
aspectslof.thé phenomenon will be in;égréfed into a compfghenSive :

picture of the periodicity.

A. Electrical Properties of the Oscillations

1. Experimental Procedures

- a. Proéedqres with Chaﬁﬁei Flow System #1
Expefimehts were copducted with ﬁhis channé1 f9r'the purposé of
détermining;.,(l) eiectrical properties of the oscillations ki.é.; ;
waQeform, amélitude, and period length), and (2) épﬁareﬁt.valence 6£
the dissolution processes. Apparent valence is &efined'as the ratié‘
of the equivalents of chafge passed.tovthe moleé gf;COpper disso%ved.
The experimentally determined Qalues of épparent'véiénce will be

presented in Section IV-B.
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Electrode'Preparation. A sheet of OFHC copper was cut into
rectangular bars with dimensions, 0.3 cm by 0.3 cn square and 3 cm long.»
The long sides of the electrodes were coated with insulating varnish
(General Electric Adhesive and Insulating Varnish No. 7031), allowed
to dry, and bake-hardened for 4 hours at 100 C. The coating serVed
to prevent stray dissolution along the sides of electrodes.

. The eleCtrodes were prepared for dissolution as follows:

¢y Electrode ends were gronnd flat against water-wetted, #600

carborundum naper; |
- (2) electrodes were washed in Labtone detergent and rinsed in
distilled water,

(3) rinsed in 10%/vol. nitric acid followed by a rinse in dlstilled
water;

i

. ' *
(4) weighed to a precision of * 0.01 mg.

Experimental Procedure. Prior. to each dissolution run the current
delivered by the Electronics Measurements Power . Supply was determined
from the potential drop across a low resistance shunt.** Potential
drop was measured with a balancing potentiometer;***

Dissolution times were measured‘with a stopwatch.f Dissolution
times werekcnosen to allow the passage of 10-25 coulombs,'corresponding

to a weightloss of approximately‘6—15 mg. Electrode position was not

readjusted during dissolution; as a consequence of dissolution, anode

S— . . _
Mettler Mode H20T, Greifensee-Zurich, Switzerland.

* .
Daystrom, Inc., Weston Instruments Division, NEwark, N.J.

dkk :
Leeds and Northrup, Inc.; Model 8667, Philadelphia, Penn.
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surfaces retracted from:0.007‘to 0.017 cm.. Ahéde égtential,.c#thode

potential, ceil voltage, and potential drop acrbéé the current measufing

shunt were simultaneously recorded on the 1ight'b§am oséillograph;
Following dissolution, anodgsvwere removed from the cell and:
(1) washéd in distilled watefg -

(2) rinsed in 10%/vol HNO_ to remove adherent layers of reaction

3
products; 

(3) rinsed in distilled water;.

(4) rinsed in reagent érade acetone and allowed to’dry;
The anodes were then re-weighed. |

In contrbl experiments, in which the samevpfocedurevwas'folidﬁed
without ‘anodic dissolution, weighflosses'wefe IESS‘than'O.lo mnga
quantity small compared to the wéigﬁtldsses.resulﬁing from:anbdic
dissolution. |

In all experiments conducted with channel #l;'the electrolyte
was passedfthrough the cell only once and waS‘thén discarded. This
assured é uniform electrolyte composition,and.pH-fdr allvdissolution _
experiments. | H

No p;ovisions were made for the deaeration of'fhe electfolytg or

for temperature contfol. ' The pH of stock solutions of 2F NaC103~was

4.6, the slight acidity possibly the consequence of hydrolysis dissolved

carbon dioxide.’
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b. VProéedures with Channel'Fiow Systém #2 :

The chénnel flow system #2 was uéed in thé'ithstigation of the
effect of elgct¥olyte'temperatureband pH on oscillation.frequency.

The electrodes were prepared for dissolutibn as follows: |
(1) Electrodes were'gropnd flat against watéf Wettéa #600 carborundum
papér; (2) washed in Labtqné detergent and disfilled water; (3)-rinsed
in dilute nitric acid (10%/vol); and (4) rinsed thoroughly in distilled
water.

" With the electrodes inserted in the cell, the flow rate was

.adjusted to the required value using the speed control on the piston

pump motor. °

2pH Variation Procedure. The pH of prepafed'solutibns was measured

before dissolution experimenis with a Corning pH meter.* " Stock
solutioné of 2F NaClO3 prepared with distilled watér had a pH of 4.6.
Alkaline sol@tions were prepared by the additidn.of'reagent grade':
sodium hydroxide to the stock solution. Acidic solutions were prepared
by the'additiqn of aliquots-of poncentrated reagentvgrade perchloric’

acid.

Tempefatﬁre Variation Procedure. A liter of 2F NaClO3, contained

'in a Pyrex beaker, was heated on an electric hot plate, or chilled in

an ice bath, until the required temperature was attained. Immediately
after the conclusion of a dissolution experiment, the temperature of
.the.collected effiuent from the electrélytic cell was measured. The"
temperature of the effluent was assumed to be a good appfoximation of

the electrolyte temperature between the electrodes. As no significant

o .
Corning Scientific Instruments, pH Meter Model 7, Corning, N.Y.
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?j‘dependence of oécillation_freqﬁenéy on electrolyte’temperaturé ﬁas_

‘found, a more precise determination of temperature was deemed unnecessary.

In these‘experiments, only cell voltage was- recorded on the
oscillogfaph.

c. Procedures with the Stagnation Point Flow System (Jet)

The Jet was employedhin the investigation of potential oscillations

at high current densities (8-150 A/cmz).

The high purity (99.999% Cu) anodes were prepared for dissolution
fbllowiqg the procedure described in the breéediﬁg éectioni A~wife
electrode was insérted‘iﬁto the Teflon plug which providéd.fhe pléne
of impingémént of the electrolyte jet. Using a-stfip'of 2 mil éopper
shim sﬁock'as a guage, the end of the cbbper wire serving as anode
surface WaS'poSitiOnéd 0.005 cm beyond the Surfééé of thé.Téflon ﬁlug.
'With fhis‘configuration, the anode surface had é totalrgeometric area..
of 0.022 cm’. ~ The protrusion allowed the Pass,agé?of i.s coulombs
(correspoﬁding'to-rbughly 100 oscillation cyclés) before the anode
surfacevwould‘recéde into the blug; |

The'speéd control on the‘piston pump moto;iﬁas calibrated by
ﬁeasuring the volume of electrolyte displaced throﬁgh the cellAin a
ﬁeasured time'périod. The current leQel control-qﬂ the Electronic

Measurements pbwer supply was calibrated with the use df’thevlow

resistance shunt and balancing potentiometer described earlier. Cell

voltage was measured using the Brush Oscillograph (for current densities

up to 31 A/cﬁz), or'the'Tektronix Model 502 Oscilloscope (for currenf

densities up to 150 A/cmz);
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Thé electrolyte was passed twice through thévcell before being
discarded. No measureable differences in oscillation parameters were
found for the fresh and recycled electrolyte at the current densities

employed.

d. Procedures with the Rotatiﬁg Disk Electrode System (Disk) .

The disk was used in the investigation of‘the anode potential
oscillations at low currentldensities, In a first set of experiments,
rotationalivelocity“was held constant and éurrentvdénsity was set at
varioﬂs values between about 0.3 and 12 A/cmz.. In a second set of
experiments, the effect of different mass transfer;;ates (different

. : )

- rotational rates) was investigated at 0.8 and 1.6 A/cm".

Electrode Preparation. In the first set of experiments, the anodes .

were prepared as follows: (1) Electrodes were grbund flat against

water wetted #600 carborundum paper; (2) washed iﬂ Labtone detergent

and water; (3) rinsed in distilled water; (4) preanodized in 2F NaClO3

at 4 A/cmz for 5 seconds; (5) rinsed in dilute HNO3 to remove surface

fiims; and (6) thoroughly rinsed in distilled water; The preaﬁodizatioh

treatmeﬁt served to remove cold worked metal to a depth of 15 micrometers.
In the second set of experiments_(curreht aensity held constant,

rotational rate varied) it was.desirable to provide an anodé surface

with a maxiﬁum degree of flatness and polish. Tﬁe electrodes in their

cast epoxy sﬁields were‘polishéd bn a l-micron diamond abrésiVe wheel.

The preanodi?ation step was replaced by a cathodic treatment in 0.5M

NaOH at roughly 1 A/cm2 for 5 seconds.
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Elecfrolyte'Preparatibn.‘ Because of the sﬁail'voiume of the

: eleccrdiyte ce11 (1;5 liters), continuOUS'Changes'in the electfolyte'
composition during the course of a single dissdiution exbériﬁeng were
expected. For example for a disSolution run lasting 1000 seconds at
0.4 A/cmz, fhe'cathodic evoiution of hydrogen'wdﬁld pfoducé a hydroxyl
ion goncenttgtion of 10-3M.'.Comparable inéreésgé;iﬁuaneous chloride
and copper concentrations wefé also expected. ,To'buffer the
veléctrol&té”against-Sméll changes invcompositioﬁ,‘émali éuanﬁities.of

reagent grade CuC12 and NaOH were added to stock so1utions prior to

dissolution to make the following éomposition: 2_F'NaC103 + 1 mF NaOH +

loF CuCl,. Results obtained with this composition will be compared

with results with 2F NaClO3.

é. Procedures in Stationary Electrolyte

Preliminary investigations of the oscillatiéns wére.conducted in
.stationary'electrolyte undef'conditions where néfﬁrél convection was .
suﬁpresééd. -The anodes used were resin insulated copﬁer.wire of cross
~sectiona1 aréa,‘0.02 cmz.- The wife endé servihg:és‘anqde surfacés
were (1) ground flat aéainst #600 carborundum ﬁaﬁef; (2) preanodizedv

in 2F NaCl0, at 5 A/cm2 for 15 seconds; (3) rinsed in dilute HN03;

3
and (4) riﬁsed thoroughly in distilled water. The preahodizétion
treatment left a shield of insulation 0.004 cm high at the periphery
of the anode surface. |

The wires were bent into U-shapes and positioned with surfaces

face upWatds in the center of a 600 ml beaker filled with electrolyte.
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A copper Wire mesh; pressed'against the_vertical,Walls of the beaker,
served as cathode. Cell voltage was measured during dissolution as

in experiments with the flow systems,

2. Rangelof Eiperiﬁental'Study

Table:IV—l summarizes the range of'experimehtal conditions
inyestigated_for'each experimental,systemi Periodic phenomeﬁa were
stddied‘over wide ranges of four experimental paraoeters: (1) current
density, (2) electrolyte flow rate; (3) bulk electrolyte pH; and’

(4) bulk electrolyte temperature.

Thelrange of current densities inveStigated include the upper
and lower*limits for sustained oscillations under the experimental
conditions-eﬁployed.v The lowest current densityratiwhich oscillations
were clearly obtained with the rotating disk wasf0.28 A/cm2 at

= 280 (360lr.§.m.)} In channelr#l, the lowest current density
at which oscillations were observed was 0.61 A/cmziat Re = 200
(14. 21cm/s):v |

The highest current density investigated was 146 A/cmz, using the .
stagnatioh point-flow system. At this current density, only a few
oscillatioh cycles,could be recorded after current switch-on before
the cell'potential rose to the limiting voltage of the constant current
supply (ZOQV) and a continuous "anodeveffect" (gas evolution and_
‘sparkvdischarges) occurred. |

No ﬁpper limit of flow‘velocity has been established for the
. oscillatory phenomena, although at low currentrdensities (2.5 A/cmz),

the regularity of waveform was lost at Re = 10200 (600 cm/s) in



Table IV-1.

Experimental Conditions Investigated in the Determination of Oscillation Period and

. Amplitude
Current e Bulk Bulk .
System . Density Flow Conditions Electrolyte Electrolyte Bglk
: : : PEERE o . Electrolyte
. Range pH Temperature Composition
(A/cm?) | oy  Comp
Chammel Flow  0.606-5.40  16.2 cm/s;® Re= 200 neutral 26 2F NaC10,
System #1. 0.24 -5.28 20 ' 425 : : 23 i
' 0.05-33.04 50 708 20 .
‘0.6 - 5.2. 115 1630 20
0.89- 5.3 280 3990 26
0.91-33.4 478 - 6810 25+26
2.53, '2.55 600 8490 . 26
_Channel Flow 7.1 -32.7 50 cm/s, Re= 400  1.4,2.4,4. ambient ‘2F NaCl0,
System #2 _ : : . 10.6,11.2 L
7.1 -32.7 50 cm/s 400 neutral - 4,24,48,80 " 2F NaClO3»
Stagnation 8.5 -31.5 28 - 510 cm/sb' neutral ambient 2F(NaClO3'
Point Flow = 210-3800 - ' ‘
System S : - ,
’ 8.5 -146 94, 194 cm/s - neutral - . .ambient 2F.NaC103,
o o ~ Re = 704, 1450 o o R .
. Rotéting  0.28-12 ";A360>r.p;m.cf ' 23 ‘ ZF:NaCIO3
" Disk Electrode : = 283 - .+ 1073F NaOH
- System © + 1073F CuCly; or.
o | | 2F NaCl04
0.8, 1.6 110 to 2920 r.p.m. \ ambient
‘ . = 86-2293 :
Stationary 5 - 35 _— ' 10 - 11 ‘ambient 2F NaC103 + 10 ~4
Electrolyte : 3 to 10‘3F NaOH

. ®Linear flow velocity

bLine_ar flow velocity of impinging jet

cRotati'on frequency, revolutions per minute

A
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channel #1, “Sustained oscillations haﬁé_beeﬁ observed over the range

of electfdiyte temperatures 4-80°C, and over ofvbuik electrolyte pH

from 1.4 to 11.2.

3. Periodic Phenomena Associated with the Anodic Dissolution Processes
Thévlarge amplitude (1 to 50 volts) voltégé_oécillations are

associated with the anodic dissolution processes and not with cathodic

' reactioné.>'This was establishéd‘(with the'ﬁse of channel #1) by the

simultanedus.measurements‘of (1) cell voltage; (2) potential of the

~ anode reiative'to a saturated calomel electrode (SCE); and (3) poteﬁtiai

of the cafhode relative to a second SCE. A tracing of a typical

osciilographvrecord is shown in Fig. (4.1). The fiuctuations of cell

voltagevwéré congruent with the fluctuatidné”in anode potential, while 
the cathodg shoﬁea no comparable time dependence;i-‘ |

Once it.had'beeh esfabiished tﬁac fluctuations in cathode potential
were smaii*¢ompared to the periodic changes iﬁ anéde poiential,

oscillation amplitudé and'frequency'wéfe Obtaiﬁedfdirectl& from the

relative changes in cell voltage.

4. Charécteristic Oécillation Waveforms: Qualifativé Descriptions
‘Thg‘waveform of the potential oscillation cycles depequ~on
cﬁrrent déﬁsiﬁy and electrolyte flow rate. Thev¢urrent density fange
in_whichvsustained oscillations aré observéd;may be divided into fouf-
regions §n ;be bésis:of wavéform ﬁype;v There are no cléar boundaries
béfween theséfregions,'as one waveform changes cdntinuously into another
as cutrgnt dehsity is increased. vThe transition'between waveform
types'occurslétrhigher current densities, the highervthe flow fafes

emploYed.;",“
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Fig. 4.1. Simultaneous electrical measurements. -Tracings_ofnoscillograph.recording.
Cu/2F NaClO3; channel flow system no. l.;  current density = 1.56 A/cm2. Anode and
cathode potentials measured relative to saturated calomel_electrode.

' XBL 746-6468

"VSf :
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(a) Ahng Potential'Behavior beléﬁ l.A/cx.n2 ih“Chanﬁel No. 1.

Below 0.5 A/cmz, hd_peribdic variations invéotentiai wefe observed
in channel #1 at flow rates from 14.2 fo 479 cm/é}'_In the curren£
dénsity‘range from 0.5 to O.8'A/ém2; the first:eviﬂence of periodicity
was observedﬁ rectangﬁlar waves of non—unifo:m‘period and amplitude,
0.5 V (Fig. 4.2a). |

(b) Low Current Densiﬁy Range, 1—5vA/cm2. “With Current densities

in the range'O.Z to 1 A/cmz, thé'high plateau of the rectangular wave
may persiSf and develppe into a peak of several volts magnitude.

Above 1 A/cmz, the characteristic waveform for dissolution in channel #1
is shown in Fig; 4.2b. Waveforms in this range are charaéteriéed by

an interval of low potential dissolution folloWedlby a étep to a
potential plateau; the plateau then gradually slopes upward into a

potential peak.

(c) High Current Density Range, 5-100 A/cmz. With experiments

conducted ét current densities.increasing in ﬁhe iange of 1 to5 A/cmz,
the plateauband step structure becomes increasingly indistinct. At
about 5-A/cm2, the potential cyclé is resolvable ohly into aﬁ upward
sweeping curve followed by a relatively abrupt (but smbéth) drop to

the lowest‘poténtial‘of the cycle (Traces c,d). This sawtootﬁ
waﬁeform»is characteristic of the potentialboscilléﬁions observed

with channel #1 (to 33 A/cm’) and with the jet (to 70-100 A/cm’).
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Fig. 4.2. ‘Characteristic Oscillation Waveforms._.Cell voltage'tracings.

Cu/2F NaC103, channel flow system no. 1. (a) current.density =
0.61 A/cm?, Re = 425; (b) 1.83 Aem?, Re= 6810; (c) 6.57 A/cm2,
Re = 6810, (d) 22.4 A/cm?, Re = 6810.
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. XBL 746- 6457
Fig. 4.3.

Low Current Density Oscillation Waveform. Rotating disk electrode system.
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Oscillation Waveforms at High Current Densities. Cu/2F NaCl0_;

'Jet‘ ordinate; cell voltage‘ abscissa: time. Coordinates 3

.of lower left- ‘edge of photos, (cell voltage time) ‘photos
A-F, K, L, (0 V, ()s) photos G. H, I J (40 v, 0 s) '

~ Current Flow = Time Scale :_Voltagé" _ .
Photo Density Rate (10“3sllarge Scale = = Comments
(A/cm ) (cm/s) division) (V/large '

.95 355

division) -
A 27 o 10 10 . 12 volt amplitude -
B 27 9% 10 10 .12 volt amplitude
c 27 355 10 10 12 volt amplitude
D 75 -0 10 20 , - .
E 75 94 10 20 . - -Dual waveform
F 75 - 355 10 20 - . ‘
G 133 - o0 - 1.0 20
. H 133 94 1.0 - 20 .
I ‘133 355 1.0 - 20 . o :
J 133 0 0.2 - 20 -Detail of h.c.d. wave
K - 95 94 1.0 20 . Detail of dual wave
L 1.0 20 . Detail of dual wave -
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 Fig. 4.4. High Current Density Oscillation Waveform.
on preceding page.)
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(d) Anode Potential Behavior above 100 A/cm . . From 70- to 100 A/cmz,

| cycle amplitude undergoes an increase from about 15 to 50 volts In '
the high amplitude waveform, the fall from peak potentials may be ‘
resolved into a rapid drop'(duration,_ld-ss)'followed_by.a slower drop
to the lowest potential of the cycle. "The high anplitude and
transitional waveforms, shown in Fig. 4.4, were observed in the channel
#2 (to Re=1220) and with the jet (up to 190 cm/s). - |

With tneirotating disk, the same sequence isrobserved in the -
development of‘the low current density waveforn.at.increasing current
densities. However, tne low amplitude‘potential-peaks were observed -
at current densities down to 0 28 A/cmz, at a rotational velocity of
360 r.p.m._ “From 0.28- to 0.5 A/cm , the unit cycle shows considerable
structure:’ a‘succession of.potentialvplateausland rapid,.non—uniform
fluctuations'in potential occur before the peak‘develops.- (See Fig. 4.3)

5. Regularity of Waveform and Anomalous Behavior'if

N

The term "regularity of waveform" is used,to}refer to the degree
ofisimilarity between consecutive potential-cyclesiobserved during
the coursevof a single dissolution experiment. ‘For"enample, an
‘ektremely nign.degree of regularity was attained with one run

- (channel #1, 2F NaCl0,, Re=200, I=4.16 A/cm2)'after 25 s of dissolution.

3
For a sampling of 20 consecutive'cycles, the standard-deviations of
amplitude and period were each less than 2Z. Such a high degree of
regularity is_exceptional. changes in period length or amplitude of

5% or more are commonly found for a single dissolution run. Sample

tracings are shown in Figs. 4.5 and 4.7.
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Fig. 4.5. Regular Oscillation Waveforms: Cell Voltage Tracings.
Cu/2F NaClO3; channel flow system no. 1; current density =
3 A/cm?; (a) Re = 200; (b) Re = 708; (c) Re = 1630; Re = 6810.

5
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At‘currént dehéities below about 5 A/émz,ﬁthéfdegree_of fegulafity"
"may change considerably during the course 6f a-siﬁgle dissolution run.
Figure 4.5 shoﬁs'ceil voltage traées for dissolu;ioh at 3 A/cﬁ? using
the_chanﬁei'#l at Re=200, 708,‘1630, 6810. 1In trace (é),.an interval
of highiy'fegular cycles began after 40 seconds of dissolution. In
traée (Bj,;éycles were similaf thfoughdut the goufSé of the eiperiment.
Trace_(d)'éqntains'only a short interval in whigh consecutive cyclés
are of un;féfm amplitude and period. As a generallrulé,”the,firs; few.
oscillatibn:cycles weté longér by a factor of two or thfeé than_the 
steady sﬁa£é ﬁycles. Except for the initial léngthening of the cycles,
the Qariations of fegularitj during an expefiméﬁfvwéfe ﬁnprédiétable..
No correla#ibns were found between deviations qf'regularity and current
density,:flﬁw,rate; or'expérimental times. o |

. On oc¢a§ion, highly irregular and unreproddcible waveforms arose -
under experimental conditions which normally bré&uced regﬁlar waveforms.
Samples of anomalous waveforms are shown iﬁ‘Fig. 4.6. in traée (é),
alternate éygles were similar in waveform. Tracgs (b)“aﬁd (c).showi
" repeating paiterns with three anﬂ fquf peaks,'respéétively. Trace (c)
deﬁonstrafésithat an initially ;egular pattern'may'dégeneréte into
random fluctﬁatiqns, which, in.tﬁfn;lmay be followéd by pefiods ofv
greatef regﬁlatity. In other experiments, an anoﬁélous pattern ﬁight
~ develope after many regular cycles, fersisﬁ for_é ﬁime, and, finally;
revert to a regular wavéform; Anomalous wavefbrﬁé predominated in no

more than 157 of dissolution expefiments below 5:A/cm2.
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Fig. 4.6,  Anomalous waveforms: cell voltage tracings. Cu/2F NaCl03;
channel flow system no. 1; (a) current density = 2.42 A/cmz,
Re = 708; (b) _4.17 A/cm®, Re = 3990; (c) 3.05 A/cm2, Re = 3990;
(d) 4.67 A/cm2, Re = 200. .
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Such aﬁomalouS‘bghavior may reflect "out—df;phASg" oscillations
sustained on different portions of the same anode‘sgrface. This
conclusion is based on the foliowing observ;tiqns:‘-puring experimenté
exhibiting,regulér wavéforms, a réd; porousvlayér éf'sdlid réa¢tioh
pfédﬁéts'(found by X-ray diffraction analysis to'cbﬂéist of CuéQ#)
was observed to detach from the entire anode surfacevimmediately

’

following the fall from peak potentials. During Run 27 (Fig. 4.6a),

similar red'layers were observed to detach alternatély from the upstream

1/3 aﬁd thé.déwnstreém 2/3 of the anode surface.  Aftér the experiment;
the anode was removed from the cell and exaﬁined; 'fhe upstream 1/3
of the anode‘surface was covgréd with an'gdherent'layer of‘Cu20 while'
the'downstréam end ﬁas free of any visible.layefé aﬁd had'a pqlished .
appearance. The demarcation between the two portions of‘thevanéde
was sharp,llinear, and perpendicular to ;he‘direction_of electrolyte
flow. Alternate cycles on the two distinct pbrtidns of the anode
thus résul?ed in alternating waveforms. .

It is:a likely deduction that the anomalous'ﬁaveforms showiné
three-peaked, four—péaked, and random fluctuatiqns‘fgsult from oﬁtf
of-phase osdiliations on, respectively, fﬁree, four,vand many distinct

areas of the.énode surface.

* -
See Chapter: IV-B.3.
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As wi;h7;he variations of regularity within'é*éingle fun, the
occurence of the irregular waveforms could not bé predicted.-
Irregulafities.in waveform may be the consequen§e of'spacia1 non-
uniformity bf the cold-working or cleaning of thé;é&éper surfacevprior
to dissolutions. Also, the acciden;iai reteﬁtion of resistive solid
reaction products on one portion of the anode after a given cycle
may temporarily change the current distribution.fo?‘the fﬁllowing.
cycles. Different portiops of the surface would then be subjected
to different local current densities and; hence,  different characteriétic
oscillation frequencies. |

In the remainder of this dissertation we will confine our
discussidn to the more reproducible, regular, saw-tooth waveforms.

6. Persistence of the Oscillations

It is impbrtant to determine whether the anodé‘potential oscillations
represent: -(l) a sustained mode of dissolution, in which the cycling
continues as long as experimental conditions are méintained; or
(2)‘a transient mode of dissolution, in which the oscillations dampen
with continued dissolution until a steady potential is attained. The
question conéerning the persistence of the oscillagions may be.answered
‘.within the context of the experimental dissolutioh times.

Dissolution times were chosen to maintain the surface of the
anode within 6.02 cm of the plane of the channel floor.: This
constrainﬁ allowed experimental timés sufficient to proddce hundreds
of cycles at current densities above 10 A/cmz. (The anodes could not
be‘advanced‘during dissolution because of the undissolving insulation

coating on the electrode sides.)
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Fig. 4.7. Oscillation waveforms at different intervals of

dissolution. Cu/2F NaCl03; channel flow system no. 1;
= 6810. (a) 8.3 A/em?; (b) 12.2 A/cm?; (e) 17. 3 A/cm?;
(d) 19.9 A/cm2
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In'Fig:-4.7, sample cell vo;tage tracings éfe showh fér dissblution
at Re=708 and current densities of 8—20 A/cm2.  Cyéle numbers (counting
from the-fifst cycle after beginﬁing of dissolutiqn) are shdwn on the
traces. ‘In_trace (a), initial cycles dampened:fapidly,vthen developed
into higﬁI& regular cycles. in trace (b), initially ifregular cycles
became ﬁﬂifqrm in amplitude and period after aboué‘ten cycles; the
remaining 134 cycles showed little change in form. Trace (c) shows
sawfooth ¢§c1es persisting'for 199 cycles. 1In trace (d) intefvéls
of differént dégrees of:regularity alternate, but no trend toward a
.démpening isfevident after 27b'cyc1es. These tfacés‘are typicél éf
the many—¢§cléd dissolution runs in channel #1. K

In-conciusion; no dampening-out of oscillations to a permanent
steady étate potential was obéerved with channei #l; Irregular
patterns br.random-fluctuations of potential, when then arose, tended
to evolve into sustained §SCillations of'morg-uﬁiform character.
Appargntly, fhe oscillatioﬁs represent a persiétihg mode of dissolution
under the.eXperimental conditions investigated.

7. Dependencé of Oscillation Period on Experimental Parameters

‘a. Dependence of Oscillation Period on Currént Dénsitx.

. Oscillation period decreaéeé with increasing (galvanostatic)
current denéity, for experiments conducted under fixed conditions of
velectroiyte“fléw'rate, composifibﬁ (including'pH), ana teﬁper;ture.
The logarithmkof oscillation period is plotted égainst the logarithm
of current density in Figs. 4.8-4,16. Each data point represents the

results of a single dissolution experiment. '"Oscillation period" is °
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taken as the;average cycle length of at least five consecutive cycles:

chosen from those portions of the potential-time recording showing

v - .

greatest.rggularity of waveform.‘ (Any irregulaf'ﬁaveforms were thus
excluded frbm the average). At the lower end'offtﬁe current density
range invéétigated with the rotating disk, only dﬁe or two pbteﬁtial
cycles could be obtained within reasonable expériméntal times. Therefore
the oscillafion periods reﬁorted in Fig. 4.15 do qét reéresent averages}
In all»éxperiments reported in thié section, current density was
caléulated by dividing the value of current by thgvgeometrigal area
of the anode; In calculating current density,:no-attempt Qas.made to
correct for_éurface.irregularitiqs or for changes in area resulting
from changes in surface topogr#phy during dissdlufion.
The;déuble—logarithmic plots of Figs. 4.8-16 are seen to be linear.
For both flowing and stationary eléctfolyte, the'felation between |
period and‘éurreﬁt density may be represented by an empirical equation
of the form; |

1og(T/T°) = -a log(I/Ié)‘ (¢))

or, equivalently, ) '

TO(I/IO) o (2)

-
[

current density;'and (-a) is the

where T = oscillation ﬁeriod; I
slope of the double-logarithmic plot. The quantity To>is the oscilla-
tion period at an arbitrary current density, Io' Values of (a) and

To'(at Io =1 A/cmz) are presented in Table IV-2, together with the
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Table IV-2. Parameters of an Empirical Equatibh Déscribing the .
' . Dependence. of Oscillation Period onCCurrent.Density.a

o .~ Current v | - = 2,
System . Density Flow Rate | (a) ,To(Io—lA/gm ).  Compents
Range - _ - (s) h
‘ (A/cm?) : -
Channel No.l1 ' 0.61- 5.4 14.2 cm/s  2.32 =  15.9
no 0.88- 5.28 30 3.06 - 35.6 Uncoated -
' _ : T electrodes
" .. 0.67-11.4 50 2.30  15.4 |
Mo 0.90-5.21 115 . 2.70  33.8
om0 1.15- 5.3 280 2.25  30.1
" 1.14-33.4 479 225 34.8
"o 11.4 -33.4 50 ©0.96 . 0.50 -
Jet 8.6 -146 94,19 cm/s 1.4 . 2.5
Stationary. =~ 1-100 --— 1.3 . 1.2 pH neutral,
Electrolyte - . S N 10.2; 11.6
Rotating disk 0.28-1 . 360 r.p.m. 3.5 . .7

8pata fit by'an equation of the form, log(T/T,) = -alog(I/I,;). For
channel flow system no. 1, parameters a and'To‘(at I-=1 A/cm2) were
obtained by the method of least squares. o
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experimentaleconditions and the ranges of currentiqensities over which
Ed. (1) applies. |

The'iinearity-of the plcts is evident forfaeimeny as three'orders
of.magnitndefof‘period, corresponding to two ordere of magnitude'cf
current deneity. it is remarkable that so comnien a phenomenon ie"
represented_By a simple enpirical equationvoveriso broad a range of
current'denSities and with so great a degree cfireproducibilityQ
Data pointsndeviate from the fitted line by at'moet.t 30%, and a
. comparable{naximum deviation in_average pericd”wee.obtained for.
v'cifferent dissolution experinents conducted under the seme'enperimental
conditions.:‘The scatter is likely to be the ccnSequence of the
disparity between calculated (geometric) current density and true
current den31ty, which is a function of the changing anode surface
area. BecaUSe.of the power relation between current density and
. period, fiuctnations in true area introdnce'evenrgreater fluctuatione.
in true aree“intrOduce eVen'greater'fiuctuaticns in period.

An expignation for tne dependencekbf oscillaticn’period on current
density reqnires experimental results to be presented in later sections.
We shall return to a discussion of these results in Chapter V.

b. Q_pendence of Oscillation Period on Electrolyte Flow Rate

At fixed values of current density, osc111etion period 1ncreases
with increaeing flow rate. The lcgarithm of oscillation period is
plotted against‘the logarithm cf a measure of electrolyte flow rate in -
Figs. 4.17,18,i9 for low, interme&iate, and high’cﬁrrent.densities,

' respectiveiy, The dependence of neriod on flow rate is relatively

weak compared to the dependence. of period on current density.

A
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At this point, a qualitative explanaﬁion.is foered for.the.dependence

of'period.dn flow rate. The effect of indreaéed electrolyte flow is  :
to enhance the tfaﬁsport of dissolved reéction producﬁs awéy from the.
anode surface by convection. Soli& reaction prpdﬁcts formed-by j
precipitafioﬁ‘hear the anode surface_may also be t:aﬁsporte& by
entrainment in the flow. .It will be shown in'SéctionvaV—B,:C that
the increasé'of anode potential during the cycie'reflects'tﬁé gfdwth

of reéisfiﬁe layers of.éolid reaction producﬁs ét the anode eiectfolyte.
ipterfacef“ To a first approximation, breakdown ofyanqde potential
foécuré upoﬁ éttaining'a criﬁical potential. Tbé buildup of soli&
layers and.of potential toward the critical level is sléﬁer at.higher'

. '
flow rates because of the increased removal rate of reaction products . -

into the eléctrolyte'stream. Conéeqhently cycle lengths should'ihcreasé

with increasing mass transport'rates.

Wigh-the disk electrode, at a low current»déﬁéity (0.8 A/cﬁzj;
oscillagibn-pefiod is found‘proportional to the.éqéare rodt of .
rotational rate. However, already at 1.6 A/cmz, fhé oscillation
period is ogly weakly dependent on rotation rate_dvér the same range
of'rotationvréte. The relative independence of:oséillation period -
from rotatién-rate at this éurreht densitf may,refiect a large
contribu;ibh‘of free convection to the total confective transpért.»
vIn this system the anode surface faces downwards. During anodic
dissolution, a saturated solution of cupric chloréte should develope

near the anode surface at a sufficiently high current density for
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Fig. 4.18. Dependence of oscillation period on electrolyte flow rate

flow rate = volume flow rate/ (cross sectional area of flow charnel.

Channel flow system no. 1. Cu/2F NaClO3; current density indicated
on the plot. ' : '
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Fig. 4.19. Dependence of oscillation period on flow rate under
stagnation point flow. Current density-.as shown on the plot.
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each rotational rate. This solution, being nore dense than the bulk
electrolyte; will tend to stream downward from a ‘stationary anode 5
surface,‘being displaced by the less dense bulk»eleetrolyte. With
a rotating'disk, such free convection may predominate at‘lOW rotation
rates,,leading to a flattening of the log(periOd)—log(rotational rate)
plots. As the rotation rate is increased,'the slope should increase
to reflect the enhanced contribution'of'forced'convection‘(See Fig. 4.17,
I=1. 6'A/cm'2')” ' |

‘With the Channel #1, the 1ogarithm of period is proportional to
the logarithm of linear flow rate, with a slope of 0.3t0.05. -
Figure 4f18 represents a cross-plot of Figs. 4.8,»10-13.‘.Data for
a linear relocitp of 30 cm/s are not included'in'fig.‘4.18,‘as‘the
true electrode area of the uncoated anodes used in that set of
experiments is not well defined.

For the Jet system, the data in the double logarithmlc plots
(Fig. 4.19) are non—linear, but slope upwards at increasing,flow rates.
The velocity‘of impingeing jet affects the osclllation period'only
at velocities higher than about 100 cm/s. The relative constaney
of oscillation period at flow rates below 100 cm/s may be the
consequence of the retention of solid reaction products on the anode
~ surface. At.the high current densities and low flow rates, a porous
layer of_solid reaction products representing many‘cycles may
accumulate.on the anode surface, partially isolating the reacting

E

surface from the influence of the flowing electrolyte.
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-Itiis*intereéting that the poﬁer dependenee Sf period on.flow :
rate (or rotetion rate) is nearly the same as.the power.dependence
of limiting:current density on fiow rate (or rotation rate) for the -
channel #1 and rotating disk results. We have:not'been-able to.deter—
mine that.the correspondence is anything but coincidental. |

c. ”Dependence of Oscillation Period on Bulk Electrolyte pH

Oscillation period decreases with increasing pH of the bulk
eleetroiytet theveffect'being strongest at low ehfrent densities
(Fig. 4.20).  The relatiohsﬁip between logarithm of period and logarithm
of current density is linear at each value of'?H’investigated; but |
there is censiderable scatter of the data in the more acidic solutions.
The increeee in period with increasing hydrogen ion concentration
is consietent with the effects of pH on the rate of accumuletion of
solid cuprous oxide. Increased hydrogen ion coﬁcentration enhances

the driving force for the oxidation of cuproue oxide by the chlorate

ion,
+ 1 - 1 _ +=+ 1 .-
2H + 2 Cu20 + 6 C103— = Cu + 6 Cl + H20
We will return to a discussion of this hypothesis in Section IV-B.2,

and in Appendix D.

d. Dependence of Oscillation Period on Electrolyte Temperature

Osciilation period is only weakly dependent On'electrolyte
temperature over a wide range of current densities (7-30 A/cmz).
In Fig. 4.21, oscillation period is plotted against;current density

on double logarithmic axes for sets of experiments conducted at 4, 24,
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Fig. 4.'20._ Dependence of oscilla'.t:iori period on bulk electrolyte pH.
Cu/2F NaClO3; channel flow system no. 2; Re =

400.
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Fig. 4.21, Dependence of oscillation period on bulk
electrolyte temperature. Cu/2F NaC103; channel
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48, and 80°C'_ OScillation period tends to increase w1th electrolyte
temperature although the effect is not significantly greater than
experimental scatter. Earlier_it was noted that osc1llat10n period -
is.rOughly_proportional to limiting mass transportvrate. The limiting

mass transport rate may be increased by increasing temperature, because_

of the temperature dependence of the diffusion coefficient and“viscosityl.

For the channel #2, limiting current is proportional to DZ/3

(See Tahle Ill—l). As the quantity Dp/T is approximately constant,
D2/3 is roughly proportional to u—2/3 over a limited temperature range.'
Between 4 and 48°C, water visc031ty decreases by a factor of 2. 8 (from
1. 56 cp to- 0 57 cp). Therefore Timiting current den51ty should
increase by a factor of (1/2 8)~ 2/3 _ 2.0. This*is.in rough agreement
with the ohserved doubling of period between 4—'and 48°C. However the
period length at 80°C is not explainable by viscos1ty effects alone. :
There are many other possible causes of the temperature dependence
ofjoscillation period. Ionic and electronic conductivity of the
transpassive‘film, chemical and electrochemical-reaction rates, and

reaction product solubility are all strong functions of temperature.

8. Cell Voltage Measurements and Oscillation Amplitude

In this section, we shall report measurements of cell voltage
(or anode potential) of characteristic points on the oscillation cycle.
Cell.voltage'measurements are plotted against current density in
; A _

Figs. 4,2244,24. The data points labeled V represent the lowest

1
("trough")'pOtentials of the oscillation cycle. The points labeled
Vp represent peak potentials of the cjcle. These plots show the typical

¢+ .
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behavior éfffhe cell voltage at low, intermediafe, énd high current
densities és investigated with the disk, channel.#i, and Jet,
respectivély.A |

In Figs; 4,25-4,28, thg average oscillation,émplitude is plotted
against cufrent density for experimentévconducte& under sﬁecified".
hydrodynamic conditions. "Oscillation amplitudgf is'definéd as tﬁéﬂ
difference»between the highest and lowest poténtiais of the oscillation
cycle. ;Amplitude may be determined from recdrdings of either cell
vélt#gé or anode potential measured against a referencé elecﬁrode.

a. Cell Voltage Behavior at Low Current Densities. At the low

 current densities employed with the disk, peak potenfials varied
considerably from cyclg to cyélé. In Fig} 4.22, individua1 meésuremen;s
of peak ceii'Qoltage are shown. At current denéities below‘2 A/émz, :
at a rotational rate of 360 r.p.m., oscillation amplitudes raﬁged
from 4-14 volts. Aﬁ higher current densities, peak_ﬁoltagé; were
reproducible within a range of 1 volt.

In additibn to peak and trough potentials, two other characterigtic
-potentials of the low current density waveform are shown in Fig. 4.22.
The curve labeled "5" represents the lowest potenfial of the plateau
phase of the cycle, which is depicted in Figs. 4.2 and 4.3. The onset
of this plateaﬁ marks a transition from actiye to transﬁassive
dissoiutionvandvthe formétion of a thin, non-porous film wﬁich was
found by X-ray diffraction analysis ﬁo consist of éuprous oxide. The

charatteristics of active and transpassive dissolution and the nature

of the film will be treated in Sections IV-B and IV-C.
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Fig. 4.22. Cell voltage measurements for copper dissolution at low
current densities. Cu/2F NaClO3; rotating disk electrode system;
360 r.p.m. Vp = peak voltage; Vi = trough voltage; R shows ohmic
drop. through electrolyte assuming primary current distribution.
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Cu/2F NaCl O3
 CFst
Re= 6810
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4,23, Cell voltage measurements for copper dissolution at
intermediate current densities. Vp, peak voltage; Vi, trough
voltage; R indicates ohmic potential drop through the electrolyte
assuming primary current distribution. Channel flow system no. 1.
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Theréufve labeled "7" represents the poteﬁtiél of a shoulder,
or infleCtioﬁ'péint, on the upward sweéping po?ﬁion of~thé lbw current
density oscillation cycie, as identified in Figs. 4.2b_and 4.3. The
'inflectidné'mark a slowing in the ra;é:of'growth of the anode sufface
films. .Tﬁe abrupt drop in potential from peak.to_tfough levels was
invariabl}vfound to occur at potentials equal to or greafer‘than the
potential of this inflection. Both the onset of the potential
plateau andfthe infléction point were clearly distiﬁguishéblé only
to about 1 A/cmz in the disk at a rotational frequenéy.of 360‘r.p.m.'
Iﬁ the channel #1, at Reynolds ﬁumbers correspénding to'mﬁch-higher
rates of mass transfer, thése details in the'w5véfdrm é;fucture Qere
fobserved_uﬁAto abput 5_A/Cm2. ' |

'b. Cell Voltage Behavior at High Current Densifies. As shown .

in Figs. 4.24 and 4.27, oscillation peak vbltage and.amplitude undergo
a Stepvincreése of 35 volts at a current density-éf_the order of
100'A/cm2.v At current densities lower than thé trénsition:current
density, amplitude variés continuously with current deﬁsity oVer the
.range 4—17_VOlts. Above the transitién current density, amélitudes
lie in.the;range, 45-55 volts. Thg enhanceﬁentbof aﬁplifude at high
current densities was observed with the stagnaéion-poiﬂt flow syétem
at flow rates from 0 to 193 cm/s (Re=1450) and with the Channel #2
at flow rates to 1220 cm/s (Re=12,500).

Photographs of.the oscilloscope traces in Fig. 4.4 show the
developeﬁent of the high amplitude waveform as observed with the Jet.

At tranéitioﬁ current densities, both low and high amplitude waveforms
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Fig. 4.24. Cell voltage measurements for copper dissolution
at high current densities. Stagnation point flow system.
Re = 1450 closed circles, peak potential; open circles,
trough potentials; triangles, potential of arrest upon voltage
breakdown : =
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occur ih.th;>same experimenﬁ.' The low andihighfémpiifndé férms ﬁay'
alﬁernatg, as shown in Fig. 4.4e. No cycles with‘amplitudés in the
iﬁféfﬁediate réhge (about 20-40 volts) were recorded. The transition
from low to high amplitudes occurs 6ver a nérrow rahge of'Cu:fénf
densities'which shifts to higher current densitieé as the flow rate
is increaséd. The dependence bf oscillation ﬁéribd on current density
is the samesin the high gmpiitude rénge as in fhe low amplitude range,
as is evideht from Fig. 4.14. | . |

~ The fihe structure of the high amplitude and tréﬁsitidn'waveforms-
| are showﬁ in Fig. 4.4vj,k,1f While the poteh;ial.féll fme'peak
potential is smooth and continuous for the 1ow‘éﬁplitﬁde'Wavéfbrms,
the'potéﬂtiai breakdown of the high amplitude cyclés bccu:s in tw& .
distinétzsteps: (1) a rapid drop to about 20 volts:abdﬁe‘tfough
potentia1 Qccurs in an intervalbof about 10_Ssbaf.133 A/cmz; (2) tﬁis |
is foliowedvby‘a slower drbp'to'trough potehtiélsl(ébbuf 10—4s at
133 A/cmz);  | |

Unlike thé low amplitud? waveforms, the high amplifpde.oscillatibns

were accompénied by'gas_evolufion and. clearly viéible (and audiblé)
. spark diéchafges at the anode surface. .A similar égsociation betwéen
high ampli#ude oscillations énd gas evolutign with.spark diéchérges
was found_fo?'anédic dissolution of copper in a variety of halide‘
containing electrolytes (See Appendix A). The ihcréase in amplitude' 
may be the'cdnsequence of the growth of bubbles'df'anodicglly evolved

oxygen on the surface of the anode by the followiﬁg reaction:
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_ 1 * e
HO = 50, +2H + 2
Bubblesymight restrict fhe passége of current, causing the.potential
to risejuntil the observed spark discharge occurs. We shall return

to a discussion of the high amplitude wavefbrms in Chapter V.

c. Deﬁendence of Trough and Peak Potentiaiﬁothufrent Density.
The’incfeaee of, cell voltage during the oscillation cycle is a conse-
quence of the growth of resistive layers of SOlid feactioﬁ products
on. the serface'of the anode. The fall from peak'potentials reflects
changes in either the electrical conductivity of the layers or in the
extent of their coverage of the metal substrate.. The’dependence qf
peak and trough potentials on current density provides an insight -
into the_natere of the anode surface during the ;rensﬁaSSive diSsdlution
and poteptiel breakdowﬁ phases of the oscillation‘cycle.

To a fifst approxiﬁation, trough ﬁbtentials increase lineariy
with cﬁrfent density. The linearity is to be expected if, ;t the lowest
potential ef'the cycle, the electroly resistance‘is the predominant
resistance qf the electrolytic cell or if other sources of potential
drep vary eiowly with current density. As shown:in Table IV-3, the.
measufed'eieées of the trough potential vs. curreht'density plots
(Figs. 4.22, 4,23) are in close agreement with the resistances calculated
with.the’ASSumption of pfimaryicurrent distribueion. The calculated

contribution:of ohmic potential drop is plotted in Figs. 4.22 and 4.23.
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Table IV-3.. Measured Slopes and Intercepts of Tfongh Cell Voltage

'Curves. Dissolution of Copper in 2F__NaClO3

System . Flow Temperature  Measured Calculated 'Measured ‘Current

Condition (°c) o ,Slope2 Slope Intercept Demnsity:
S . (Ohm-cm™) - (Ohm-cm™) (Volts) Range
: . : (A/cm?)
Channel 479 cm/s 251 0.80 -~ 0.78%" 2.5 5-25
No. 1 (Re=6810) ' R '
Disk. 360 r.p.m. 23tl 1.9 1.9% 3 3-13
(Re=280) . I o
Jet 194 cm/s  23t1 0.53 ——— 10 - 40-150

~ (Re=1450)

aPrimary current distribution assumed Resistance given by the equation“
RA = AK(l/cosh e)/(KWK(tanh e)) where A = electrode area; K = value of -
elliptic integral of the first kind; Kk = electrolyte conductivity;
W = width of electrodes perpendicular to flow direction; and e = TL/2h,
where L and h are electrode length and separation, respectively. (See
Newman,91 p. 343). - :
bPrimary current distribution assumed. Resistance of a disk electrode
embedded in an infinite insulatlng plane with the counter electrode far

away is glven by
= A/ (4rKk)

where r = electrode disk radius, A = electrode area; and kK = electrolyte
conductivity. (Newman9l) L
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The linéar segments of the trough potentiallcurves do not extra-
polate to ééro potential at zero current density{ The positive
intercepts réported in Table Iv-3 indicaté.the suﬁ of anode and cathode
potentiqls;; The 2.5 volt intercepts found for.diSSOIution at high
flow rate§ (Re=6800) in the channel flow system no. 1 are comparable
to the intercepis obtained by Kinoshita for active dissolution of
copper in su1fate and nitrate electrolytes using the same flow system
at equal flow rates.5

This.2;5 volt intercept is cldse to the sum of the estimated
equilibriﬁﬁ cgll voltage and anode and cathode overpotentials for the
electrode geactions. Assuming a net cell reacfiép,

Cu + 2H,0 = cot™ 4+ 208 + 1

2

the equilibrium potential difference is approxiﬁétely 1.2 volts for
unit Cu++ activity in the anolyte and a local catholyte pH of 12.
Landolt et a1.98 measured the charge transfer ovefpotentials for active
dissolutién éf copper (Cu = Cu++ + Ze_) in acidified 0.1F CuSOaz the

" Tafel reiation obtained up to approximately 100 A/cmz, where the
overpotential'&as about 0.4 V. We expect a chafgé transfer overpotential
of the same order for the active dissolution éf éoﬁpe; in the chlorate
electrolyté; At the copper cathode, the reduction of water

T(zuzo + 2§';=‘H

2
0.7 volts.l4p The sum of the estimated equilibriuﬁ cell voltage and

+ 20H ) should proceed with an overpotential of Abput

anode and cathode overpotentials is 1.2 + 0.4 + 0.7 = 2.3 volts--in

close agreement with the residual cell voltages at low current densities

investigated with the disk and channel flow systems.
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At'ﬁhe ﬁigh current densitiéé invéstigaté&iyith the'stagnétion,
point fléw System, the teg.volt intercepts at Zéro éurreht density
are much tdQ iarge to be explained by familiar_sources of electrode
polarizati?n. The large_énode potential dfop ;éliﬁ&icative'df the
presence of a reéistive film on the-anode sdrfaééféfter the fall frdm '
peak poteﬁtial. We coﬁclpde.that‘the periodiciriSé.énd‘fall of
potential atthigh currént densities>ref1écts,‘ﬁot>;iternating states
of active and-franspasSivé dissolution;’but alférnééing degreeé of .

anode film resistance.

d. Dependence 6f Oséillation Amplitude oﬁjgufreht Denéity aﬁd
flow Rate; In Figs. 4.22-4.24, the curves repfeééﬁting peak.poténiialé
run rougﬁiylparallel to the curves for trough péteﬁtials, in&icatiﬁg:

a weak dependence of oscillation amplitude on éu:rent.denéity. .Tﬁef
dependehée qf-amplitude on curfeht density is shoyn'more directl& in
‘the plots of Figs. 4.25-4.28. Amplitudes range from 2 to 19 volts

.fdt curféntrdensities ;p to 100‘A/cm2. A higH‘Cfoeht densify waveform
ch#racteriéed-by émplitudés in ﬁhe range 45-55 volté'has been discussed
above. Iﬁ E;ﬁtrast to the relatively weakvdependéﬁcé of amplitude on
current density, oscillatioﬁ frequency increased by.a factof of 105
over the same current dénsity:rahge (0-100 A/cmz).

The relative indepehdenée of amplitude and cdrrént'density can be

expected from the nature of ionic conduction through thin solid films.

If charge is carried through the anode surface films by ionic conduction

at field stfengths of 105 V/cm or greater, then we should expect the

currént—voltage relationship to be of the form:l-‘_g’lz.1 .
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v, - (5/B)1n(1/A)

where Vf is‘the Voitage dfop_through the fiim;;S is film thickneés;
I is current density; and A and B are empirical éonStants; If film
thickness at peak potentials is independent‘of'cﬁfrent density; then
‘amplitude shogld vary oniy aé the logarithm'of'cﬁrrent_denSit&. |

The:dependenée of amplitude on fléw.réte was studied with the
channei fioﬁ system no. 1 and with the stagnatién‘point flow system
(jet).‘ O§ef_the range of current densities, 8-33 A/cmz, neitﬁer system
show a strong dependence of amplitude on Curreﬁt density. The average
amplitudes'oﬁtained with the chgnnel no. 1 afe shown iﬁ%Figs. 4.25 and . *
4.26. At current densities beiow S'A/sz and fdf Reynoids_nuﬁbers.of
200, 708, and 6810, no trend is clearly distihguishaﬁlégfrom the
experimental'scatte; of + 0.5 volts;\ In Fig. 4.26.a curve representing
thé amplitudes obtained with the rotating disk_systém (ﬁé—283)vafe also
shéﬁn with scatter indicated by broken lines. At suchblow curfentwmw
dénsities;"the results may be expected to show considerable scatter:
here expériﬁental conditions are close to the regime where stable active
dissolution may occur. |

With’thé:stagnation point flow system, amplitude increased witﬂ
flow rate aé shown in Fig. 4.28. Amplitudes were -greater in the jet
system than iﬁ the channel flow_system; 'Atv33 A/cmz, gmplitudes obtained
with the je@iaveraged 17 volts—-twice the magnitude of amplitudes
6btained with the channel flow system for comparable mass transport
rates. A;fundamental difference exists‘betweenfthe 5et and channel
flow systéms‘which may accountvfér the disparity in the results for
osciliation'émplitude and the depéndence of amﬁiifﬁde on flow rate.

i DT I
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The primary current distribution for the jet. is more strongly non—uniform
than the primary current distribution for the channel flow system. The
enhancement of current at theredges of the anode of the jet system.may
giye rise.to;accelerated £ilm growth near theredges‘and‘a’film of’.

non-uniforn;thickness and resistance to electrical_breakdown. |

B. _Chemical Aspects_of the Anodic DisSolution.Processes

At current densities below about 1 A/cnz, theloscillation period"
length is sufficiently long to allow the resolution of chemlcal processes
occurring.at different phases of the cycle. The chemical basis of the |
oscillations was‘investigated by (1) deternining the'apparent-valence
'of the dissolution process, (2) measuring the quantity of chloride |
ion produced during dissolution; and (3) analyzing X—ray diffraction

spectra, )

1. népparent'Valence

a. Introduction and,definitions. .The passage of electric current

across a metallelectrolyte interface-is always‘accompanied by a chemical

reaction. ‘The amount of electricity passed throughuthe interface may be.i

directly related to the amount'of'chemical reaction products by Faraday's

laws, which nay be expressed in the following eQuation:

Here, q is the quantity of charge (coulombs); S, is the quantity of

{ .
reaction product (i) (gram—equivalents);fand F is the Faraday constant

(96,500 coulombs/gram-equivalent)Q B
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The siﬁplest.case-of énodic dissolution ofﬂa metal might invo1ve

the production of a single metal ion species df,vaieﬁce; z:

Me‘= Me+z + ze

With'know;edge 6f the stdichiometry of the dissolution reaction, weight
loss of the metal could be predicted from the current and time of

dissolutidﬁ,vusing'a form of Eq. (1):

it = F(WM) o (2
wl.lere o | | o

= current ,
= time of dissolution
- weight loss of metal

2 2 o &
i

= atomic weight of metal

Alterhatively; the stoichiometfy gould be‘verifiedvfrom.weight loss and
charge'daté{: | |
Iﬂ géﬁétal, more than one simple electrochemical reaétion will
take place_simultaﬁeouslf_during'the anodic dissolﬁtion of a metal,
.and the quéﬂtity é calculafed‘frqm Eq. (2) may aséﬁﬁe non-integral
values. In the case of copper,bmono-, di-,_and'tfivalent'oxydation-
statés may be,produced uhder_éertaip conditioné'of anodic polarization
and elecﬁrdlyte composition. The aﬁodic decompbéitioﬁ of water may
occur, and thé copper may'corfode'in the presénce of aﬁy-oxydizing
electrblyte;.LFinally, the number And relative iﬁportance of the
diffe;ent anédic dissolution processes may chaﬁge_érogressively during

the course of dissolution.
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~ For purposes of investigating.the'stoichidmetty of the anodic
dissolution-of copper in chlorate eleetrolytes; we have measured '
the average;apparent'valence of the dissolution process. "Average

apparent valence", na;'is'defined by an equation analogous to Eq. (2):

it/F

N, T Wi (3

Dissolution times are chosen to be.many times longer than the period
length qf the oscillation cycle at the experimental curfent_density;

The investigation of possible ehanges of stoichiometry-during.the'.
course of~a_s1ng1e.oscillation cycle'requites‘the-measurementIOf an

'"instantaneous apparent valence," n, defined-by:
(1/n) = (F/iM)(W/8t) W

Here, the;qnantity SW/8t is the increment of weight loss divided by

an inerement’of time. In praetice,'the weight loss W/M) is plotted.
against'tne'charge passed (it/F);'each point represents the weight—loss—
charge data for a dissolution experiment terminated after a time, t.

The slope of the plot is just (1/n) In all the;ealculations tepsrted »
.in this section, the atomic' weight of copper is taken as 63.54,.

b. Average apparent valence. Average apparent valence was

determined (1) with Channel Flow System No. 1 at.current densities |

from 0.1 to 23 A/cm ; and (2) with the Stagnation Point Flow System (Jet) -

from 10 to 100 A/cm "
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Précé&?res.v Expérimental précedﬁ;es fdliéwéd with the Chﬁnnel #1
are described in Secﬁion_IV-A.l, ' - |
Fof”tﬁe\Jet, electrode ﬁreparation was aé follows: '(1) Anode
suffaceq:wefé.grouﬁd fiét against #600‘carborﬁndum paper; (2) approximately
2 mg of,coﬁpér (correspdnding to.a layer'0.0l ém thick)'was removed by
anodic disséluﬁion (2F NaC10$; 10 A/cmz, 15 s); (3) aﬁéde surface

'films were removed by rinsing in the solution,l33'-‘

b g SnCl2 2H20

4 ml conc. HCl(sp. g., 1. 19)
100 ml ethanol

(4) anodengere rinsed in distilled water'apd reagéﬁt éradé acetohe;
' ‘and (55 weighed to a precision of 0.0l mg. o |
Dissolution times were.sufficientbto alloﬁ_weight ldsses'of‘1.5—3 mg..

After'diSSOiutibn, anodes were rinsed in'distillgd wafer and steps |

(3) tov(S)_were followed. The electrolyte was discarded after every

six dissolution experiments, when 4X(10—4) equivﬁlents of charge had

been p#sséd pér liter of solution. Spurious weig#t losses résulting.

from the c;eaning procedure were determined in control experiménts,'

in wﬁich theléame procedufe was followed but wifhodf.anodic dissolution.

Such wéight‘losses were less'than.0.04 mg.. ) | | |
| Resulﬁs;k Average apparenf valéncev(n;)vié plptted against current

density in Figs. 4,30a,b. In Fig. 4.30a, each &éfa point représents

results of a single weight loss determinatlon, using Channel #l; in

Fig. 4.30b, the average of three separate determlnatlons using the Jet

are plotted, with the data spread indicated by bars. The average
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vapparentﬂ?éienee decreaseﬂ from 1.6’to,1;2'asfthebcurrent density was
taised frem'O.l_to 10 A/sz. Apparent vaienee feﬁained viftually
independent ef current'density above 10 A/cmz.“ Abq&e 2 A/emz, n
showed noeﬁarked dependence on electrolyte‘floﬁ fefe.

c. Instantaneous apparent valence. Instantaneous apparent valence

was deterﬁined at_poin;s»within the first and secohd oscillatibn'cycles>
to develope after the application of current. .The stationary electrolyte
cell'used.ipifhis research was described in Chepter III. Current
densities of 0.54 and 1.33 A/cm2 were employed in fﬁe experiments to
‘be described{ At such low current densities, the_different phases of
the osciiiefien cycles (active dissolution; poteﬁtial plateau, ﬁeak)'
were cleatl&‘distinguishable in tﬁe cell voltage'reeording. | ”
Procedere. The 9.6vcm2 OFHC cepper disk elect:odes were Rolisﬁed
on kerosene-wetted:emergy paper to 4/0 grade. The_disks.&ere then
washed in labtone detergent and distilled water. The electrodes were
then rinsed sequentia}ly‘in: (1) cbneentrated;_reagent grade NH4OH,
(2) dietilled'water, and (3) reagent grade acetone.: The rinse in v
ammonia ser§ed to remer grease films and tarniSh.V.Following the
cleening'tteatment, the electrodee were weighed.to;a,precision of
0.01 mg on the Mettler balance.*: Just prior to‘dissolution, the
electrodes were treated cathodically at a currentidensity of 0.1 A/emz,
for 30 seconds; in 1F NaOH. Cell veltage and petential drop through -
a low resietaﬂce shunt were recorded simultaheodsly on the Brush |,
Oscillogreph as for the experimenfS'conducted‘with Channel #1. bAfter

dissolutien;f;he electrodes were quickly :emovedvfrom the cell and

- ‘ - B SR
Mettler Model H20T, Greifensee-Zurich, Switzerland..
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rinsed ééquentially in (1) distilled water; (2) 102 NH4C1; (3) distilled
water; and (4) reagent grade acetone. The anodes were then re—weighed.

The treatmgnt in 10Z NH,Cl1 served to remove adhéreht layers of

4
anodically formed Cu20‘fr6m the surface of the7aﬁ§de.

‘The qdhstant current source‘uséd in.these éxpéfiments was é.Pérkin
Electronics DC Power Supply.* The curreﬁt ﬁasvmeashred with thé use
of a lowrxgéistance'shunt and a balanciﬁg poten;i@meter foilowing the -
procédure;bf Section IV-Al. | .

To detérm;ne the magnitude of spurious wgight losses,introauced
by electrode preparation procedures,.control expériments were con&ucted;
i.;., the Saﬁg procedurg was fpllowed withou# anédié éissolutidnfv Weight‘
loéses in_;he control experiments wéfe on‘the of&ér'of 6;1'¢g, while'
weightblééées resulting from anodic dissolutionvrénged'from_S tb.jb ﬁg.
Weight loss determinations are therefore.expectéq to bé.accurate to
within 22%  Time and current were each‘measuredJWith aﬁ esfiméted |
precision of # 1%. |

| Resulfs.v‘Iﬁ figs. 4.31 and.4.32, éeli volﬁgge.ana weight iosé

W/M) are{plofted agains;'éhafge paséed (it/F).H-IhStahtaneous apparent
valence, détermined from the inverse slopes of thg iinear segménts of

the plots,bare tabulated in Table IV-4.

* . - ‘. o -
Model TV040-15, Perkin Electronics, Inc., E1 Segundo, California
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Table IV—4;'fInstantaneous and Average Apparent Vélénce for Copper

" Dissolution in 2F NaCl0 ;_Naturalvcohvéction.

3
L | A Transpassive Avérage in
Apparent Valence . Activg Phase Phase : First Cycle
Current _?‘ _ ' 9 ' S L _
Density = 0.54 A/cm 1.59 1.22 - 1.45

© 1.33 A/cn? 1.15 1.33 © 133
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Sevefai important-observations may be ‘made atithis point:
(1).At a given current density, instantaneons aoparent valence
is constant within the active phase of the oscillation cycle.

(2) At a given current density, the instantaneous apparent valence
remains constant throughout the transpassive phasevof'the'dissolution
cycle, which includes the potentialfnlateau and'aaoending and;descending
portions of-the’peak.*’ | | |

(3) For.a given phase of the cyc}e (active of'transpassive),
apparent valenee depends on current deneity.

In these experiments no oxygen evolution.wasjooeerved throughont .
the active and transpassive phases of the fifst'oScillation cycle. '
During potential breakdown a few gas bubblee develoned.on the anode
surface with a total volume estimated to be less‘tnanso.l em3. This -
volume cortesnonds to roughl& 0.2X(10-4) equivalents, or less than 32
- of the chafge nassed dufing the cycle. If no charge.transfer reactions
occur other than thoae.involved in‘oxygen evolutionfand‘copper dissolntion,
then the instantaneous apparent valence is an inoication ofvthe net
vstoidhiometry of the copper dissolntion process., An'important conclusion
is thus poesiole: ' no gross change:in the stoichionetfy of copper
~ dissolution occurs as the oxide film responsible for the potentlal.

increase developes and ultimately breakdown

* - : : A :

At the onset of transpassive dissolution, a short-lived increase in n
may be detected; the technique is not sufficiently sensitive to ascertain
the value of n in so short an interval.
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2, Chloridevfroduction

The solation in the anolyte'compartment cf,tﬁe statibnarj“electrelfte
cell was anal?aedifot chloride ion'after dissolution at a current
density of 1.33 A/cmz; L |

Procedure. The disk electrodes.of the Stationary Electrolyte Cell
were prepared for dissolution as in the apparent valence determination
egperiments described in the previous section. For-each experimental
_run, the cdrrent was shut off at a different point‘within the first
or second oscillation cycle. The entire anolyte; ihcludingkall loose
precipitates, ﬁas transferred to a centrifuge'test tdbe.' Solid-reactioh
prpducts adhering to-thevcopper surface were reﬁosed Qith a rubber:
, stick and added to the anolyte mixture. The anclfte'was'centrifdged'
~ and the superaatent liquid was trahsferred to a beaker;:vThe‘solid_
residue was leached with distilled water and agaih,ceutrifuged; the
supernatent was decanted into the first beaker. |

The 1iquid phase thus collected was acidified with dilute’ nitric
acid. An.aliquot of staadardized AgNO3 was added, and the solution was
backtitrated’with a standardized NaCl.solution.a‘The?extent of titration
was monitoted Sy recording the potential between"aAsilvet wire-‘
‘ electrOde and a saturated calomel electrode immersedzin the'tittation
beaker. (Leakage of C1~ froﬁ the calomel electrodenéas determined in
"a ccntrcl expetiment and was'fodnd to be negligible;) - The Silver |
nitrate solution was standardized by titrationvagainst-a stock solution

of sodium chloride. The sodium chloride solutioh‘was prepared by the

solution ofia weighed quantity of the heat desiccated salt.
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The solid phase of the anolyte mixtﬁre wasedissolved in dilute
nitric acid and similarly back-titrated.
g ,Results; The:quantity of chloride determined in the liquid phase

and'ﬁhe_totel quantity of chloride (liquid plus solid phases).are

‘plotted against chafge passed in Fig. 4.33. Celi voltage is also plotted

against charge passed. .
The ehieride,ion_ﬁnesent‘in the liquid phgge‘is‘presumed to be
a product of the chemical eeduction of cﬁloraﬁe by cupf6ue ion. The:
chloride de;ermination for the selid phase repfesents an upper limit
to the quehfity of chlorine ﬁresent in the solid_bhase in the ﬁinqs
one oxidetien'state.v The enalytical technique:usedvdid noﬁ distiﬁguish
between,free'chlorideland.oxychlorides which_might'have beee redﬁced
by any cqpfeus compounds presenﬁ when. the solid @ixture was disspred;
To dccount for the production of ;he chloride ion, we hypotﬁesize

" the following net feactioh:_

cu’ +1/6 c1o,

T+ 1/2H,0 = cu' +1/6 €17+ 0K ()
On the basis of this reaction, the maximum rate .of productioh of
chloride'may"be calculated. If:ohe‘mole of eoppef dissolved to form

+ .
Cu++ and Cu .according to the net reaction,

Cu=x Cu+r+ y Cu++ + ne o o (B)

then mass endecharge balances may be written as follows:

x+y =
x+2y= n
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Therefore,

X = 2-n,
and the fraction of charge consumed in the production of Cu is

fCu+ = (2-n)/n
The average apparent valence under the experimental conditions at hand
was 1.33. 'Hence the passage of one equivalent of charge should result
" in the production of 0.5 equavelents of Cu+ and a. max1mum of 0. 083

equivalents of C1~ via reaction (A). As shown in Fig. 4.33, the total

measured chloride is close to that predicted on the basis of our model.

These results are also consistent with those of Royer, et al.}39

who studied the anodic dissolution of copper in 1 2 m NaClO3 at a
constant current density of 0.015 A/cm2 and atﬂtemperatures between
25°C and:lOO°C. Above 70°C,vthe apparent valencefwas 1.0 and the
amount orhchloride“deternined in'the anolyte'afterﬁdissolution‘was

within 1% of that expected on the basis of reaction_(A).

3. X—Ray Diffraction Analysis of Solid Dissolution'Products

| Solidvreaction products formed_during'variOUSlphases of‘the.
oscillation cycle were analyaed hy X-ray diffractonetry.A ﬁickel
filteredvcopper radiation at 40 kV and 14 mA was used in the X-ray
apparatus.* ‘éamples were prepared using the1stationary‘electrolyte ;

or the rotating disk electrode system..

X—ray Diffractometer, Model 3488K, Picker X-ray Corporation, Waite
Manufacturing Division, Inc., Cleveland Ohio.:
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a. froeedure with stationary'electrolytedcell. vElectrodes of
the stationary electrolyte'cell.were.prepared*for dissolution as in the
»case of‘the instantaneous apparent valence experiments. Dissolution,
at s‘constent current density of 1.33 A/om2 br_o.54 A/cm2, nas_terminated
at points within the first or second oscillation_;ycle, The anodes
were then;quickly removed from the cell.

: Thefanode specimens for which dissolution had_been terminated
during theveetive phase of the first'cycle were covered with an
adherent;‘red—orange, granular deposit. The anodes with active phase
solid products were rinsed in distilled water and dried in;e vacuum
desiccator.l'The Xfray beam was allowed to impinge directlyron the
anode‘surface and the copper substrate was usedves.an internal referenoe.

The anode specimens for which dissolution-nédroeen terminated -
during the transpassive phase of the cycle or immediately following
the fall'from peak potential were covered with s loose precipitate.
"The precipitate could be readily removed from the surfaoe in a jet
of distilled1water. In one set of experiments the solids were collected
- with a sintered glass filter and washed with distilled water.. The
insoluble residue was placed in 5 Lucite holder for diffraction
‘anelysis.'_In a second sét of analyses, the anodes with transpassive
phase produets on tne surfaee nere carefully remoued from the cell
and desiccated under vacuum. The solid products thus'preoared were

analyzed on the copper substrate. .
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b. fPquedure with rotating disk electrode SQétem.' The removal
of the ioosé'precipitates formed on the anode éurface during traﬁspassive
dissolution revealed a smoéth,,polished coppervsurface. Interference
pagterns on the surface Were:téken as evidence for the preseﬁce of a
thin solid film. The disk was used to produce'éémpiesbof the thin,
transpassive film for X—fay diffraction analysié. Dissolution ‘
(ﬁt.0.64 A/.cni2 and 360 r.p.m.) was terminated at a éeries of points;_
betﬁeeh“thé onset of the potential plafeau of the:first cycie and the
beginning of the active phase of the second cycig,: The anodes were
then rémévgd‘from the electrolyte, rinsed in a jet of distilled water,
and allowga td dry. o

- Co Resuits. Cuprous oxide was found to be a constituent dffthe>
solid phasé_of the anodic reaction products forﬁed‘during eéch phése
of the oscillétion cycle.' Absent from the spec;ra in all cases were
lines attpibu;able'to CuCl, CuO, Cu(OH)Z, andvbASic'cuéric.chloridev
s#lts. Tablé IV-5 is a summary of the diffractiqh énalysis results;

The_red4orange, gfanular, adherent deposit fofﬁed during aCtivé
dissolution in stationary électrolyte was identifiéd as CuZO.

Figufe 4;34‘shows tracings of spectra of activefphase, water inéoluble
_productsy(traces A,B); of the copper anode pridr to‘diésolution (C);
and of.a'sample of Cu20 (Baker Re#gent Grade). vNo'peaks were found
other than-ghose attributéble.to Cu20.or to the copper substrate.

Similarly, only peaks due to Cu,0 and Cu were found in the spectra

2
of active phase products produced with the disk.
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Fig. 4.34. X-ray diffraction patterns of anode precipitates compared -

. to known samples of Cujy0 and Cu. (A) stationary electrolyte cell
products from active dissolution at 1.33 A/cm2; (B) stationary
electrolyte cell products from active dissolution 0.457 A/cm®;

(C) copper anode before dissolution; (D) reagent grade Cu20 in
Lucite holder; (E) insoluble transpassive phase dissolution
products, stationary electrolyte cell, 1.33 'A/cm2; (F) Lucite
holder.
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Table IV-5. Summary of Results of X-Ray Diffraction Analyses: Water
S Insoluble Reaction Products. Cu/2F NéClO3 o

Experimental Point of Cycle Sample Compounds

Unidentified

System Conditions of Current Support 'Iﬂentified Peaks?
o Interruption ' . '
x 2 Active C
STAT. 1733.A/cm dissolution Cu - Cu,Cuy0 No
- 2 Active : : :
STAT. Of457A/cmr dissolution Cu Cu,CuZO No
STAT.  1.33 A/cm’ Peak Lucite "~ Cu,0 Yes
Disk 0.64 A/cmz,_ Active, Cu Cu;CuZO _ - No
' 360 r.p.m. 1st cycle '
Disk -0 Transpassive, Cu,Cu,0 No .
1lst Cycle: VS/V7 . T2
: v " Transpassive; 1st : ) : o
Disk : Cycle: _V7/peak Cu CQ,CUZO No
Disk " Active, 2nd cycle Cu  Cu,Cu,0 No

%
Stationary electrolyte cell.
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The spgctrum of the insoluble phaée'of_the‘lb¢Sely'adherent,
transpassi#évproducﬁs is shownbianig. 4.34-E. - Peaks due to cuprous
oxide aré-éﬁident. In addition,'several unideﬁﬁified peaks were found,
including a strong peak at 20 = 25;010.1 degrees_(cofresponding'to a
diffractién plane spacing of'3.559i0.014A). It ié'iikely that  at
least part-of the cuprous oxide found in the transpassive region had
been producéd in the active phase of the cycle.

Analys;s were made‘of the films adhering tq tﬁé copper_subStrate
at the fglloving points within the dscillat&on’cYclé:. (1) between
the onset 6f f:énspaSSive dissolution and the shoulder on the potential
peak; (2) between the shoulder and peakvpotentiélg ahd'(B) one second
after-thé,fail from peak potential.to the ffough pbténtial of'thébsecond
.osciilatioﬂjéyéle. In all cases, the X-ray difffaction specgra shqwed

only peaké corresponding to copper and cuproﬁs dxide.,

~ C. Morphology of Anodic Reéction Products and Copper Substrate

1. Introductiﬁn . : ' ‘_ _ 

In Seéfidn‘IVeA, it was‘noted that fhé oscillatioﬁ cyc1e produced
at low Currénf'densities could be resolved into é'éﬁccession of disfinét
potential platéaus and a poténtialipéak. The term;"active phasé" was
given to thg‘iowest potential pﬁé%@}bf the cycle, between points V1
.and V3 in Figs. 4.3 and 4.36. fiﬂé remaining, higher pofential portions
‘of'the oséillation cycle were éalied thg traﬁspaésive phase.
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The éétive phaée is associated_with afdﬁll;:éfched appearaﬁcé‘of
- the copper ;ubstrate.v'During ac£ive dissolution,iéﬁ adherent,.porous
layer of a red—ofange.substance (identifiéd_as'¢ﬁbr§us oxide) was
obsérvédApd éccumulate on the sﬁrface;‘ Bégihniﬁé.with;the onset of
transpassive dissolution, the copper substrate beépﬁes prog?eséively
smoothediand polished. Solid readtion-productsfére found in two
.distinct layérs: (1) a thin.layer of submicrbn ;hicknéss kcontaining
cuprous’o#ide)g and (2) é thick pfeéipitafe kordef”of-magnitude,
10-100 miéfghé) containing cuprous oxide and a dark blue, water éolubié
substance'(pfesumably’cupric-chlorate). 'Activé énd transpéssive

phases weré f¢rther distiﬁguished on the basis of instantaneous

t
- L]

apparent5Valence;

At loﬁ cﬁrrenf'densities, the'sépafate portidns of-;hé oxcillation :
cycle may O¢é§py inferyals of tens or hundreds of ééconds, and the
morphology éf solid reaction products and of me;a1 sﬁb$trate characte;istic
of each"pﬁaée may be Cleariy‘identified.' In Chapter V, morphologiéai.
aspects.wili”be correlated with electrical and éheﬁipal results in |
order to déVelope.a cqmpreﬁgnéivé pictufe of thé §sci1latibn‘cyc1e.

2. The Growth And Removal of the Precipitate Layer'_‘

One df tﬁe most striking feaﬁures'of the oscillation pﬁénomeﬁqh
is the abrupt.outward displaéémeﬁt_of solid reacfionfproduct 1ayeré':
which'occﬁrs during each éyclé."In the channelkfibﬁ’systemv(NO. 1),' 
the periodic_detachment and. removal of solids from the anode surface
was viewed through the glass walls of the channeilwifh the use of a

telescope. At low flow rates and current densities bélow about 5 A/cmz,.
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. Fig. 4. 35. Plot of relative film displacement during anodic
dissolution of Cu in 3F NaClO3 at current density, '3.12 A/em”,

<
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a surface.fiiﬁ wﬁsvobserved to detach as a ﬁnit}from the’copper substrate
at a frequénéy equai to that.of the.potential oééillatidns. Wiﬁh the
Vrotatiﬁg disk'electrode system, at 0.32 A/cmz, ghe’detachment was v .
observed'tojbccur a few seconds after the abrupt dr&p from peak potenfials,
when the-péteﬁtial had settled to the acFive 1evél-§f the folloﬁiﬁg
cycle. | # |

An énélygis was méde of a motion picture Qf tﬁé-grpwth and removal
“of reactionﬁproducts during dissolution in sfétiéh#ry 3F'NaCiO3.* The"
anode was machined from a 0.61 cﬁ‘diametér rod'ovaFHC coﬁpef, which
hadrbeenvcééfiin Epoxy. The ciréular cross sécti§ﬁ>of'thé rod served
as the anode'surface. The current deﬁsity»waS'3,12‘A/cm2. -Thé @otion
picture wéé’fiimed from a line of sight lying in the>piane of'fhe
vertical anode surface. o

The disténce between the images of the ele;trode.surfa;e and a
‘particle iodged in the center of a thick layer of'apcumulated producﬁs
was measuted.frame by frame. Thevmeasuréments werg'converted to a plot_
of film disﬁlacemeﬁt‘againsf time (Fig; 4.35)..>i£ &és.aséumed fhat’tﬁev
displacement of the bulk of the_brecipitate refieé;svthe tﬁickening |

and outward displacement of a layer adjacent to thevanode/electrolyte

interface.

Until the drop from peak'poténtial, the precipitate layer thickens -

linearly with time. The outward movement near the fall from peak

potentia1 ié comparatively rapid, occurring in‘less than 0.33 seconds

* ' o
The motion picture was filmed by K. Kinoshita as part of his doctoral
research. T
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(the timé':ésolution limit:for_a 32 framé/secon&.¢éﬁera speed). An

. order of ﬁ;gnitude.eStimate of the solid.fraétibn Qf the precipitatei
layer ma&ibeuobtained by dividing the thicknesé of a hypothetical

'Cu20 layer‘(grown at 100% current efficiency) §y £he measured éhange in
thickness.offthe precipitate layef during the'SaQé‘cyCIé. "For the
experimenfal conditions at hand, sblids-compfised a small fraction

(less than 2%) of the total volume of the observed layer.

3. Optical'Michphotogggphy of the Anode Surfaces -

a. Preparation”of eleqtrodes for microphotogfaphy.. The xotatithF
disk anodes were prepared for dissolution as'follqws: (1) elegtrodes
were ground flat against keroéene-wetted 4/0'eméréy paper; (2)’polishédb
onal miérbmeter diamond abrasive wheel; (3) washed in Laﬁtone _

- detergent and distilled water; (4) rinsed in etﬁanoi and then acetone;
and (5) dipPed in dilute (10%/#01) nitric'acid}  Aftér the interruption
of current, the anode was immediate1y withdrawn'ftbm the electrolyte-
and washed in a jét of distilled'wafer. The ellapsed time between
current intérruption and completion-of.wéshing was léss thanAS se;onds.
: b.. Reéults. Thé eiecgrode surfaceé wererexamihed and_photogréphed
with fhe'uéé‘of_a.Carl Zeiss Metallbgr;ph microééqée.f: Table IV-6 |
summariz;d'thé experiﬁental coﬁdiﬁibns undervwhich the aﬁéde specimens
were prepéréd. Figure 4.36 iégintendéd as a key.fdr thévcorrelation
of the photographs in Figs. 4.37-38 wiﬁh pointé'éﬁ'the oscillation
cycle. Dark field iliuminatioﬁ.was generally used to heighten gbntrast
between the etched and polished surface textures.:vWith_dark_field

sillumination, polished surfaces appear dark.

* -
Carl Zeiss, Oberkochen, West Germany
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Thegsurfgce preparation (including.poliéhiﬁg with l-micrometer
diamond) is:ﬁot expected to influence the'surfacé'textures obtained
after prolqngéd dissolution. For.example, at a cuffent dehsity éf
0.32 A/cmz,.a layer of copper 32 micrometers is néﬁoved by dissolution
before tﬁe ¢omp1etidn of the activé phaSe‘of the-firsf dissolution
cycle.

Figurév4f37 shows the active sgrface beforé-éﬁd after removal of
the porous_éubrous oxide layer.

The term "active phase" was given to this portion of the cycle |
as an intetéfétation of the etched appearance offthe-copper substrate
and the low1oVerpotentials for dissolution. Ac;ive dissolution.involves»
‘mechanism\qheigby the metal cation is believed ?o,pass'from a position

in the metal iattice-(or from a position adsorbedvqn'the'crystal surface)
directly Eo.avcomplex in the aqueous phase. ICertéin defect sites

(such as grain'boundariés; kink sites, or edges:pf‘ihcomplefe planes)
have 1owef3frée energies of activation for diésoiﬁtidn.' Cohtinued
removal of cations from such sites gives rise to fiﬁe pits, the walls

of which oftep consist of plaﬁes of low index numbéfé. Light scattered
from the pitted surface accOunts‘fpr.the dull, matt appearance of the
electrode;shrfaces produced during active diSsoiutioﬁ.

The trahéition from ééfivé to transphssiveldissolution is
accbmpanied (at low éurrent densities) by rapdom‘fluctuétions in
'poteniial (Fig. 4.36). Figure 4.38a shows a Surface obtained by the

ihterruption qf current at the V3 potehtiél levei-auring the trough

phase of the low amplitude fluctuations. The surface at this stage of
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Iabie IV-6. Key to Microphotographs dﬁ Anode Surface

‘Figure Current ' ' Cycle. -~ .~ -

' Number Density Phase of Cycle Number ' Illumination . Comments

(Afem?)’

Thick phase of

N - active ' o
4.37a 0.}2 dissolution 1 Da?k»F}e}d - Cuy0, and
a R copper substrate
: L ' actiﬁe - S Detail of active.
b 0.32 ‘ 1 Dark Field  phase copper
St dissolution B - v
. . e substrate '
4.38a 0.32 - onset of | 1 Dark Field Thick phase of
transpassive _ ST Cu20 (x)

o ‘ o . S Thin transpassive
b 0.32 Vs potenqial  1 °  Dark'Field * film of Cuj0 '

plateau. spreads from
right to left
in photo
. o Inflection ' oS Etching of cu
c 0.32 point (V7) L Da?k'Field.v Substrate

: Transpassive thin
: active, 1 s _ _ c film detached
d 10.60 . after 2 Dark Field = from surface;

breakdown growth of second
thick phase of
| Cu20'
B . ' o © " Interface (arrow)
During L between pre-

4.39a .0;32_\ breakdown 1 BrigﬁC_Field breakdown and
: of potential ' » post-breakdown
. '  transpassive film.

- * .Interface (arrow)
b  0.32 " 1 Dark Field between pre-
' o breakdown and
post-breakdown
transpassive film.
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Table IV-6. Key to Microphotographs of Anode Surface (Continued)
Figure Current Cycle
Number Densisy Phase of Cycle Number Illumination Comments
(A/cm®)
During Detail of post-
c 0.32 breakdown 1 Dark Field breakdown film,
of potential showing detachment
of film from
substrate
Detail of post-
" breakdown film
d 0.32 1 Dark Field it grbath of
thick, porous
phase of Cu20
Trough potential
4.40a 4.0 after prolonged -- Dark Field Etch patterns
dissolution
4.40b 4.0 " = Dark Jiana. DRPLl o etch

pattern

All samples were produced in 2F NaCloO

of 360 rpm.

3 with an anode rotation frequency
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XBB 7401-7512

Fig. 4.37. Anode surface during active dissolution. (See
Table IV-7). (A) Porous layer of Cup0--A; pitted substrate--B;
initial passive film formation--C; Epoxy electrode holder--D;
(B) Detail of pitted substrate.



Fig. 4.38.
(a)

(b)
(c)
(d)
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XBB 742-1071

Anode surface during transpassive dissolution phases.
onset of transpassive dissolution; thick Cup0 phase
indicated by X; :
thin transpassive film spreads from right;
inflection point;
breakup of thin transpassive film following potential
breadkown.
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XBB 742-1070

Fig. 4.39. Anode surface during potential breakdown. In photo-
graphs (a) and (b), interface between broken and unbroken
portions of film indicated by an arrow.
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CBB 754-1801

Fig. 4.40. a. Etch patterns obtained after prolonged
dissolution.
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XBB 746

il of etch pattern obtained with prolonged

.40b Deta
dissolution,

Fig. 4
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the cycle is partially covered with the thickblayereof cuproms oxide.
The'thiek 1eYer is marked with an "x" in Fig. 4.385. The layer is
less strbngly adherent to the metal.eubstrate.at fmis point in. the
cjcle ehah;during the active phase.: The layervie 10-20 micrometers
thick, as determined by measurements with a styiﬁe surfanelyzer.
From‘the‘onset of transpassive diseolution,ea thin film spmeads
progressively from the circumference of the anode disk toward the
center. A; the same time, the cepper.substrate ﬁeneath the film
- becomes progreesively‘flattened and polished. Tﬁe thin film undermines
the thicker layer such that, with the rise'in petential to V7, the
thick layer may be entirely removed from the substfate in a jet of
distilled'water. In stationery electroly;e experiments the thick
layer has.beenvfound to entrap an_intensely blme flmid._ As cuprous
complexeé afe bale blue or colorlese, the blue subStance undoubtedly
contains a mixture of cupric chlorate and ehlori&e. | |
Figure 4.38b shows a boundary between e polished annmlar ring
and a romgh1centralvarea»duming the potential plateau following Vs;
The sharpness of the boundary ie likely to be enhenced as a result
of local corrosion currents flowing after the emtefnal circuit has

‘been broken;; The probable reactidns are:
o - o '
Cu=Cu + 2e (central, anodic sites)

H20-+ Cu20 + 2e” = 2Cu + 20H (circumferencial, cathodic sites)
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N

Evidence of;such local currents was found by bonhoeffer and‘GerischerSS
after the.interruption of current during the passiVe_phasevofvthe
potential;oscillations which occur in hydrochloric acid.

The;flattening and polishing of the anodetsubstrate during
transpassive disSolution is believed to be the consequence of the
large resistance of the thin film.to ionic conduction. With the onset
of transpassive'dissolution, the resistance of'the thin film replaces
the charge?transfer resistance of active dissolution‘as the controlling
impedance-for the distribution of current on a’microscopic scale.
In the thin film is of uniform properties (1on1c conductivity and
thickness), ‘the current density will be unlform on the surface of
any asperity having dimensions which are large compared to the<
thicknessvof the film. Continued dissolution-undér.these-circumstances
S will lead:to a flattening of an initially rough surface. The
mechanism described above is similar to that which 1is widely held
responsible for the electropolishing of copper 1n, for example,
orthophosphoric acid solutions._120 »131

At cell voltages above V7, the anode surfaces beneath the
precipitate layer appear polished and nearly specular to the unaided
eye. With the use of the Metallograph and intense oblique 1llum1nat10n,
the surface is seen to be covered with a myriad of diffraction points,
as shown in Fig. 4.38c, the surface appears matt, as a consequence
of light scattered from the "diffraction points,“ The individual

‘points could not be clearly resolved with the optical microscoper

The appearance of the scattering points may be ‘an initial stage of the
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‘ potentialﬂbreakdown process. We recall from Section IV.A8a, that

the cell voltage V_ markes the minimum potentialffor cell voltage

7
breakdown aﬁ'low current densities.

Aftef‘the fall from peak to trough'potentiaIS) the thin film
detaches from the metal substrate. The detéchgdifilmé, appearing -
in the 1owef half of Fig. 4.384, afe traﬁsparent Ahd resemble
crumpléd cgllophane. Also shown in Fig. 4.38d is a new phése of
cuprdﬁs;oxide, which dévelopes during the actiyé'ﬁhasejqf the cycle.,
| In Oné‘ 'ex;;erimentb current was interrupted dufing the fraction-
of-a—seéOAd'interval in which the potential was failing from peak to
trough iéﬁeLs. A boundary between ﬁre—bréakdown,aﬁd post-B;eakdown
topograbhieslis clearly distinguished in'bfigﬁ% and dark fiéld
photographs of Figs. 4.39a,b (arrows). With higher magnifications,
the film of fhe post-breakdown surfaces appears sp1it and partially
‘detached'frém-the metal in a number of piaces. ;The_detachment is
cdmplete aiong a number of meandering paths, although this effect may
be conseqﬁenqg of locai cell corrosion taking placg after current
interruption. vIt,is not possible to tell from'ﬁﬁé ﬁicroscopic
examinations of such eleétrodgs if breakdown océﬁré as-tﬁe resuit Qij
an "activation wave," which sweeés.across the surface. There is
strong evidence (see below) that reactivation qf fﬁe entire anode
surface generally does not occur after_thé fail from peak ﬁotentials.

The sufface topographies produced after pfoibnged dissolution
at higher éufrent densities were aiso investigatéd. The anode surfaces

appearing in Figs. 4.40a,b were produced by interruption of éurrent
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during thé trough phase folloﬁing many osciliatioﬁ cyéles at a current
denéity.of 4:0 A/cm?.- Numerous etched patches afe distributed witﬁ
'élmost géométricvreguiarity on an otherwise pblished-surface. Details
§f the éﬁch pattern are shown in Fig. 4.40b. A siﬁilar géometric
distributioﬁ ﬁf large pitsvwas produced under cerfain circumstances
during the»high current deﬁsify dissolution offcépper in sodium nitrate
;solutiQns;T |

Duriﬂg the high potential phase of the cyéle at high current
densities,'the anode surface is polished on a miéroscopic scalg;"
but the surface uhdulates_with numerous'shalloﬁvdepressions. The
shallow-depressiohs give‘tran§passive surfaces a fé#ture'resemblingf
tha; of an ofange.peel. The orange peel.téxtﬁre méy be the Consequence
of selecfivé and enhanced dissolution of the etched.patches during
active ﬁhase‘dissolution.

It is épparent from these photographs that potential breakdown‘
needs not reactivate the entire anode Surface; In general, it was
found that parts of the thin film from one cyclé'rémained on the
surface during the active phase of the succeeding cyc1e. Incomplefe
reactivation at high current densities has alread&vbeen inferred from
the large excess of trough éellvvoltage over that which may be attributed

to the ohmic drop in the electrolyte. (See Sections IV.A8c)
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D.A‘Eiectrical Breakdpwn of Transpassive Thin Films on Copper

\

1. Introduction

Many electronic insulators and.semiconductofs ére known to undergo
an abrupt’drop in resistivity upon being subje¢ted't6 a critical
electric field strength. The trénsition from high_to low resistance
may be accompanied by the destruction of the?matefial. Ih such cases
the termzﬁbreékdown transition" is used. In otber_éases, called
"reéiétivg sﬁitching transitions," no readily percgptiﬁle material
changes occﬁf. .The subjects of breakdown and'reéisfiVe switching
phenomené have been thoroughly reviewed in‘recent articles by N. Klein.134"135

SwifChing and breakdown transitipns are khown ﬁo occur with é'wide |
variety of substances, both amorphous and crystalline, including |
-certain chalcogenic glasses, anodic oxide filmsJof valve metals, and
metal halidéé. 0f particular interest to us is the reported occurrance
of resisfive switching in single- and polycrystalline cuprous oxide
samples,’whicﬁ were prepared by the‘high températdfé air oxidation
of coppef;l36 It is possible that'thé aﬁodic potential oscillatigns
are intimately connected with a resistive switcbh'invg"of the t'hin
cuprous oxide films produced during)transpaséivé dissolution. A
brief discussion of fesistivgvswitching and bfeakdowﬁ will be given
below, in preﬁaration for the presentafion ofkour experimenta1 results

on the resistance transitions in transpassive films produced during

anodic dissolution of copper in sodium chlorate solutions.
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2. Resistive Switéhing and Breakdown

Déspite the large variety of classeé of mgtefials which undergo
reéistancé transitions, the transition événts'aréTSufpriSingly similér
when viewéd on a‘éhenomenological level. A typicéiisteady state
current—vql;age charactérisfic for such substanééS'is shown in -

Fig. 4;423;"The chéractetistic consists of a higﬁ volﬁage; léw
current:branch (B) and a low voltagé, high curfenﬁ-brénch (A). The

external voltage source (VS) and series resistance (represented in

the figuré by a load line) determine the voltages and currents before

and after the transition.
The'tranéition is a'muitistep process, and inigeneral as many as
~ four distinct stages are traversed from the moment of the application

of potential to the completion of the event. _(1) Initiation Stage.

The resisfiVity drops continuously following the épplication of
potential to a point on the rising portion of the characteristic (B).

(2) Instability and Current Runaway. - This stage is associated with

the portibn_of the steady state high voltage characteriétic showing

a negativé differential resistance. (3) Voltaggrcollapse. Energy
stored in the electric field is dissipated in the form of heat. If
field strengths pfior fo voltage collapse'are sufficiently high

¢ 105 V/cm), this stage may be accompanied by local melting and

vaporization of the material.v'(A) Establishment .of the ﬁow Voltage

Characteristic Branch. With continued passage of current after voltage:

collapse, a permanent low voltage characteristic is obtained.

Ea
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The‘drop‘in resistanée dufing each stage of the transition may
be the cbnsequence of (1) processes which are ésséntialiy thermal
in nature;-(Z) processes Which are essentially electronic iﬁ nature;
or (3) thermal processes which are initiated by electfonic events.
For a giVen substance, the processes operative depénd on the field
strength; x |

It i$:the third class of processes (called "electronic, modified .
thermal events") which is widely held responsiﬁle for breakdowns and |
| swifching iﬁ énodic Qxide films. A moﬁeptary increase in current may
be brought.about by an electronic event, eg., éhargelmu1£iplication
by impact iohization (avalanching). Semiconductors aﬁd insulators
have electrical conductivities which increase with temperatufe. As
a-consequencé of this behavior, 1ocai heating éioﬁg the path of the
avalanche ﬁay lead to an increase in electrical conductivity and an
increase in current. Beyoﬁd a certain critical'cuffent léyel, the
increase iﬁ'current\and Joule heating will become self-accelerating
and will'lead fq voltage collapse. Mathematical'mddelling of thermal
breakﬂowns‘has been persued by Wagnerl37 and O'Dwyér}38

'E1e¢§ropic, modified thermal events charaétéfistically.haﬁe the
followiﬂg'prqperties:

_(l)'Tfansitions occur over a range of fields, from 105 to 107 V/cm.

'(2) A s?étistical time lag, Tl’ occurs between the applicationvof

poﬁéntial and voltage collapse.
(3) The median time lag decreases rapidlyband often exponentially
with increasing breakdown field strengths.

(4) ThE”time lag decreases with increasing thickness of the sample.
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In'switching transitiohs, the nature of #hé;ﬁermanent low
resistanée state is not fdlly understoo&. InTgeﬁeral, when a separate
low voltéée i-v chérac:eristic is obtéined, current is conducfed
through a ﬁumbef of distinct filimentary pathways,f The paghways may -
be,the result of a recrystallization and qqenéhiﬁg of a high temperature
phase 6f theimaterial. For cﬁpréus oxide; iﬁ'hés»Been suggested that
the_pathways conéist qf copper threads, formédfb&ﬂﬁ high ;emperature

disproportionation of a defect structure of cupféus_oxide:l3§

(Cu20)defect = Cu0 + Cu |

3. Experimeﬁtal Procedures and Apparatus

Exﬁeriments were undertakén to dgtermine whether or not the thin
cuprous.qxide films formed during transpassive diésblution could sustain
resistivé4¢onductive transitions af ﬁbtentials cb@parablé to the
amplitudés'of the potential oscillations.

Electrodes of the fotating disk system were pfepared for diésolution
in the manner deséribed in Section 1IV-C3a. Afte? interruptidn'of
current at.a‘point_within the transpassive ﬁﬁase'pf-the first oscillation
cycle, the eiéctrodes were.immeaiately withdrawnifrOm the electrolyﬁe;
washgd‘ihvdiSCilled water, and allowed-td dry;

The anodes wefe fastened to a movable stagé fifted with micrometer .
screws to ailow positioning in two dimensions in;the horizontal plane.

A tesfing probe was formed as follows: With the use of a gés flame,

a bead was formed on the end of a length of 15:mil copper wire; the




-145-

CURRENT

VOLTAGE Vs

(s34}
A
+
r=1
:m\}v
Llea
4
-

- XBL749-7139

"Fig. 4.42. (A) Current-voltage characteristic of materials
' showing resistive-conductive transitions. Low resistance
~state—-A; high resistance state--B; source voltage, Vg.
(B) Testing circuit used in breakdown studies of
transpassive films. PS, power supply, P, pulse generator;
'R, mercury-wetted relay; Ry, decade resistance; anode
specimen and probe; V, dual beam oscilloscope.
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Fig. 4.42. (C) Oscilloscope recordings showing time sequence of resistive-conductive transitions in dry
- transpassive film samples. Breakdown voltage,  10V; R;=100 ohms, Voltage across film is recorded
in traces (a) and (b); traces (a), 2 V/large division; traces (b), 0.1 V/large division. Time

scales: 1 ms/large division in photos (1) and (3); 0.1 ms/large division in photo (2)

Samples prepared by interruption of current'during dissolution at 0.8 A/cmz; rotating disk
electrode system; 360 r.p.m.; anode potential (rela;ive to trough potential): (1) 8.1V;
(2) 9.0 V; (3) 8.0 V.
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Fig, 4;43. Median time lag to breakdown. TranspaSsive film produced
in 2F NaCl03; current density, 0.8 A/cmz; rotating disk electrode
system, 360 r.p.m.; current interrupted at 5.9 V above trough potential

during dissolution; peak potential under these experimental conditions,
“ roughly 9 V. _ . . : '
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"béad was electropolished iﬁ Arthopﬁosphoric'écid;éhd surféce fiims
were sqbééquently-removed ih;dilute nitric acid. _Tﬁe probe was
attached_to a lgve; arm allowiﬁg positioning in the veftical axis.
The teSting set—ﬁp allowed fhe bead to be broﬁght:into cbntaét'witﬁ
aﬁy point'of the anode‘surface with a minimumvof‘éontact pressufe.
The usé_of the mb#able spheriqal érobe»is Qidesgreéd in stﬁdies of

electrical'breakdown.134

The testing éircuit is shown in Fig. 4.42b. The constant potential .

source wés~a Fluke Curfent/voltage Calibrator3* Current was limited
by a sefies decade resistor (RL); A mércﬁfy-wéttéd relay switch (R)
was closéd for a preselectéd time interval by aisquare wave pulse

' generator (P). Voltage &roﬁvacross thevsample or :egisfor waé followed
"with thebuéé of a Tektronix dual ﬁeamvoscilloécqpé. The negative
terminal of the power suppiy ﬁas grounded adnushiélded cable was used
throughogt the-circﬁit;,. | B

4. Results

Breakdown transitions were found to occur when a potential of

1 to 20 volts was applied across the transpassive films. The occurrance’

of breakdowns did.notvdepeﬁd 6n,thefpolarity of theAprobe. After the
application of the potential (with a rise time of about 10_6 s), the
following seduencevwas observed: (1) the potential remained constant

for a time interval of variable length; (2) a répid fall in potential

- , _ :
Model 382a; John Fluke Mfg. Co., Inc., Seattle -
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6s);' (3) a feridd;bf‘random pétentialv_
fluctuafions followed; and (4) the éotentiai’settléd to a constant
level, whiéh depended on the applied current. The sequence is shown
in the oscilloscope photographs in Fig.v4f42c; Botﬁ traces (labeled

a-a, b-b) show voltage drop across the sample on differentvvoltage

.scales.

Resisfance‘df thé anode—pfébe assembly was measured before and
after breakdown wifh the use of a high impedance electrometer
Princeton Applied'ReséarcH, Model 134; input impedance, 1012 ohms) .
Resistahéepdropped’frOm 4004660 Mohmé to 1—10vohmsé Resistivitiés
could not be‘Computed due ‘to unkﬁoﬁn area of conduction batﬁway,.
although an effectivg reéisti&ity‘éhange by a faétor of lO7 - 108 is
evident. |

The time lég to breakdown-vafied widély froﬁ specimen to specimen.
Eor a given spécimen, median time lag fdr 20-50 breakdown events was
éalculated and plotted against applied yoltage on a semi-logarithmic
plot. The expectedrlinear decrease was obtaiﬁed._ For each voltage,
a scatéer in fime lag of up to one ordér of'magﬁifﬁde was obtained.

The following conditions may be responsible_fof the considerable

.

‘scatter of the time lags to breakdown: (1) special inhomogeneities

in film'properties (conductivity; stoichiometry, and thickness);

(2) introduction of weak spotS‘cauéed”by the fracture of the £ilm

due to contact_probévpressure; or (3) naturally occurring weak spots

in the transpassive film (e.g., along grain boundaries).
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It c;# be concluded from these exberimenté (l)-that fesistiQe;
conductive transitions dccur in dry transpassive films upon the.
‘dbplication of voltages comparable to that of'the 9sci11ation aﬁplitudé;
énd (2) fhat.the breakdowns are quaiitatively similaf to'thoséIObserved
in a vafiefy'of anodic oxide films. A model féf apodic boteﬁtial
oséillationsibased on anode'reactivation folldWiﬁg~resiétive—conductive

transitions will be presented in Chapter V.
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V. INTERPRETATION OF EXPERIMENTAL RESULTS

In this:chapter, we shall endeavor to integrate the experimental
results presented in Chapter IV‘intp a comprehensive picture of the

pefiqdicity observed during the galVanoétatic dissolution of copper

in the chlorate electrolyte. In section (A), a model will be presented

for the interpretation for the observed alternate‘growth and-bfeakdown

of anode resistance. _Section (B) derives the physiéal basis fqrvthe

model from the chemical and physical properties of éuprcus’oxider

reported in the 1iterature.' Iﬁ section (C), we shall QiSCuss certain
experimental.;esdltsioﬁ the_bésis bf.0qr model. It will noﬁ be possible
to formulatevéohclusive explanapions for all of:ouf-e#périmeﬁtéidresults.
Raﬁher, we shall.attempt to explain the sequenﬁial gro&th’and destruction
of the anode surface film in termsbof sequential éhénges in.the chemical,
electriéal, and morphplogical properties ofvthe éndde surface film.

"A.. A Model for the Interpretation of Periodic
Growth and Breakdown of Anode Resistance

Thevﬁodel presented here for the interpretafioﬁ of periodicity in
the galvanbstatic dissoluﬁion of coppef is}a'rélaxéfidn‘model.A (As
discussed in'Section'II—b, relaxatibn models inﬁolye unitvcjcles
wherein cqhtinuous processes alternaté with abruﬁt and rapid changes
in the elégtrode state, which.occur-when the sysﬁem is subjected to
some critical étress.) Three phases of the oscillation cycle are
proposed: (15 uniform growth of a cuprous oxide films; (2) resistive

breakdown,t;ansition of the film; and (3) mixed electrode processes
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leading to a restoration of uniform film growfh;-IThé phases—are
depicted sthematically in Fig. 5.1.

1. Presentation of the Model ’ ; 7. ' _ S | .

At sdﬁe point'after‘closing,the eléctrical circuit to thg cell,
a non—pordﬁé.cubrous oxide film nucleatés and ép;eads'over ﬁhé.éﬁode
surface; The film covers the coppé; subqtrate éﬁdfgrowé in thickness.
 Film impédénée controls cﬁ;rent distribution such tﬁat growth rate_éhd
thickness_éfe independent of positionm. During’gréﬁﬁh,_the mean field
strength (yoltage drépidivided_by film thickness)»increases as a
consequence of the accumulation of space charge éssociated with»the
ionic current‘carriers. This growth phase 1is fepresented»by (ab);on'
each of the éghematig diagrams ofiFig. 5.1, | |

At é-critical ¢ombinatibn of mean field streﬁgth and_thickness,
repregented‘sy pdint (b), the film undergoes a reéistiﬁg breakdown
transition. The transition results.in the'fbrmatiéh of discrete : T
channels of high électtqnic conductivity, as déSé;ibed in Section IV-D. o
As a conséquence of;lpw resistance conduction p;ths;-elecﬁrode ppténtial
and field.s;fength_drop to low levels, and'ionié current énd film. - |
grow;h eéseﬁtially cease. Elecﬁronic_current nOw;fiows, énd curreﬁt_
diétribution.is highly non-uniform on a microscopic scale. The current

L

is consumed in the oxidation of water (HZO =3 02 + 2H+ + 2e-). Local: . ’ -

Joule heating and electrical discharges occdr at the breakdown sites.
The cuprous oxide film disintegrates at the breakdown sites by a
combintion of'dissélution (in the hot,.oxidizing'acid'environment) 

and the physically disruptive effects of the dischargés.‘ -
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As'pdffions of the copper éubstra;e are uthvé?ed, metal dissolution
and-filmifbfmaﬁion resume. Only when the entiréfy of the low -
conductivity film has been removed will film fepéirvand éuscained_film'
growth occur. . The growth of the new cuproﬁsvoxide film (segment a'b),
spreading frdm points aﬁ the bases of'the breakdown channels, will
progressivély-undermine therpnbroken remainderv§f the previous film.

The;éibsed'trajectéry,_a'bca', represents the‘Stabie course for

all cycles after the first.

2. Inaccessibility of a'Stable Electrode State

The relaxation model requires an explanatién-for the assumed
inaccessibility‘of a stable electrode state giving rise to'a uniform
And time—independent_eleqtrode potential.

No étable electrode states can be reached within each of the three
phases of the cycle.‘ First, the growth.phase résﬁlts in a cbntinuous
increase of anode poteptial: anode resistance is foUghly proportional
to film thickﬂeés. Second, the breakdown phase‘resUlts in a rapid
lqwering of film resistance: 'with'tﬁe_péssage of current through
newly formed low coﬁductivity éhannels, the resistance of the channels
progressiﬁel&ldecréases. Third; the festoratioﬁ?phése of the cycle
involves an,uﬁstablevmixed electrode state. Hefea-électronic conductioni
resulting in gas eﬁolution; sparkudiséharges,Aan&'partial chemical
dissolutiﬁﬁ Qf‘the film prqgreSSivély destroys the 6riginally qnifotm

' nature of thetanode layer.
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Fig. 5.1 (A). Phase plane diagram of oscillating system. (B) Schematic
behavior of anode potential. (C) Schematic behavior of cuprous oxide
transpassive film. In each figure, lower case letters refer to equivalent
points on: ‘the reaction traJectory. :

£
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No_stéﬁle mixed electrode state can arise wheréBy electronic
currentvfibws'in breakdown channels and ionip current flows in the
unbrokén-rémainder of the film. At the instant'of formation of a
chénnel;vfhe potential across the film will drop: Film thickness will
remain uﬁchaﬁged. Ionic current (proportiOnal‘td potential) will fall.
As the totél current is hel&'éonstant, the electronic cufrent in the
channel will increase, causing a further loweriﬁg of channel resiétance.
In thiS‘manner, electrode potehtial.and ionic cu#rent will continue
to drop until film growth essentially ceases. o

A fﬁﬁdamental difference exists-between thié_modelvapd_qugls'
based on siﬁple dielectrié breakdown as discusSed in Chapter II; .In
simple dielectric breakdown, a spark releases eiectriéal energy st6red
in the electfic field.and causes local deétructioﬂ.of the film. The
current immediately before and after breakdéwp is ionic and is consumed
in respec;ively the growth or repair of the filﬁ.  The electrode
potential'iﬂ the case of these models shduld'hoVer near the breakdown
potential while the rate of film growth is balanced by the rate of
destruction.b In our model, resistive breakdown tfansitions lead to a
permanent 1oﬁériﬁg of the film resistance and to‘a'tempéraryishut-off
of ionic current énd film growth. Film repaif is deferred until the
volume of solid containing the low coﬁductivity channels is removed._

3. Regularity of the Oscillation Cycles

A relaxation model also requires an explanation for cycle

regularity.
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Period length and'amplitudevfor all cYcleS'after the first are
'predicted to be uniform by this model. For a given current density,

a critical mean field strength ch will be reached at some critical

it

film thickness, S Breakdowns will occur after the passage of a

crit’

quantity of charge necessary to form the film. ‘At a constant current,

the time interval between film initiation and breakdown will be constant.

During thé_restorapion phaée the same fraction of the‘original film
mist be rémo§ed; ihis“will require that the séﬁé éharge Se passed
during eéch £est0ration phase. The duration of fhé'breékdowh phase
is negligible compared with ;he duration of growth and restoration
phases. Théreforé period length--the sum of thé‘durations of.all
ﬁhases——will-be cohstanf for1a11'cyc1es after tﬁélfifst.

Amplitude is merély the integrated area under the segment a'b in

the phase'plane diagram and will be constant aftér ﬁhe first cycle.

4. Role'of thé Chloride and Chlorate Ions

- This model does not directly indicate the-féleAOf the.chloride or
chloréte‘ioﬁs in the oscillatibn.phenomenon. The‘thoréﬁe ioﬁs may |
interact Qith the cuprous oxide surface to eséabiish a high boundéry
concentration ofilatﬁice defécts—-sﬁecifically.cation vacancies.: This
will be discussed further iﬁ Section V—B.Z.b. The ch1oride ion may
facilitiététhédiséolution of the cﬁprous oxide'during the reétoration
phase by prqyiding soluble reaction products, CuC12— and CuC12; in

- 106

addition,'chloride is known to catalyze the reduction of Cl0, by Cu.

3
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It Sﬁb@ld-be remembered that (1) anode poténtial oscillations are
moSt‘uniférmJénd pronounced.in chlorate.electrélytes; and (2) addifions
of hélideé.to.other-eledtrolytes‘may give rise to an bscillating anode
potentialeuring galvanostatic dissdlutioh of coppér. Nevertheless,
anode po;énpial oscillations somewhat similar to those in the chlorate
and halidé'eiectrolytes have been(bbSerﬁed during thé dissolution of

copper in potassium sulfate electrolytes without halide additives.89

B. Physical Basis of the Model

We shall now take.a closer look at the physical basis of the
assumptions of the model presented above.

1. Non-Stoichiometry and Electrical Conductivity of Cuprbus“Oxide

The oxygen sublattice of the cuprous oxide crystal has a body-
centered'cubic structure. Each oxygen ion is tetrahedrally surrounded
by four cuprous ions such that each cation has two nearest-neighbor

anions. The unit cell constant is 4;27A;

a. Electronic conductivity. ‘Cuprous oxide is a cation-deficient,

extrinsic, p-type semiconductor. Both electronic and ionic conductivity

are strongly controlled by the deviation from the stoichiometric .

composition, Cu,O. The metal deficiency can bevexﬁressed as y 'in the

2

z_yO. 'The value of y varies'widely with the conditions

under which the samples were prepared, as shown‘ih Table V-1.

formula, Cu

Non-stoichiometric compositions have the same basic crystal structure,
although the lattice is somewhat compressed and distorted for large

values of y.
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Cuprous oxide has been exhaustively studied-ﬁhder'équilibrium :

conditions in high temperature, low oxygen pressﬁre environments.
o 101

The subject has been recently reviewed by Kofstadlooxand Jaréebski.
‘ o N _ o i
Neutral cation vacancies (V:u) form by the reaction,
(l-O )>v R st 1—0 equilibrium coﬁétéﬁt K ' L (5.1)
4 "2°gas. Ca 2 o’ _ : ST Ta v

where 0o représents an oxygen ion (0=) at a site in the oxygen sublattice.
Electronic conductivity arises from the dissociation of neutral vacancies

into holes (h°*) and negative cation vacancies (Véu):

Vzu\ = 'h' + Vg, »  equilibrium constant, K, | (5.2)

From the equilibrium relations and the assumption of electroneutrality

the dependence of electron hole concentration onvoxygén partial pressure

V(PO ) is calculated: | .
) | o |
()= (KaKb)l/?Pozl/s (5.3)

Electronic conductivity is proportional to hole concentration. A
number of experimental studies have confirmed the expected power
dependence of conductivity and. non-stoichiometry on oxygen pres-

107,114,117-119
sure. ST

The Kroger-Vink notationloo’116 is used throughout this chapter. The
major symbol indicates the species or defect (V, for vacancy). The

vv  subscripts indicate the location of the defect in the crystal lattice.

Superscripts refer to the charge of the species relative to the normal
charge in the perfect crystal: ',°, and x for negative, positive, or
neutral.  For Cup0-Cufy,, Cu’éu (or Cug,), and Cug, refer respectively to
Cu, Cu+, and Cutt located at a site in the copper sublattice. Sites in
a crystal from which Cut and Cu had been removed-would be indicated

respectively bY_VCu and Vgu.
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‘Table'V-l. Deviations from Stoichiometry in Cuprous Oxide.

, '(Dév1ation is'expressed as y in the formula, Cu2_y0)
y Method of Preparation - Comments Reference
o - ' . 102
0.76 Reduction of CugS04 in lattice compressed; ‘King
Fehling's solution by =4.2683A (compare
glucose, hydrazine, . or to 4.2700A in near
hydroxylamine stoichiometric -
samples)
0.50 6xidation of Cu at no CuO present; form Wieder and
o Po,=100 Torr at- identified as gross Czandern_a110
T=110-200°C. defect structure of '
Cuy0 by X-ray,
electron, diffraction
0.018- air oxidation of samples contain - Juse and 111
0.009 copper; various possible Cu0 Kurtschatow
‘ quenching and ageing inclusions ! ‘ '
procedures -
10_3- ~oxidation of copper in defect concentration Wagner and
3X(10'4) oxygen (0.5-30 Torr) represent equilibrium  Hammen
at temperatures values under'condi- 0'Keeffe and
900-1026°C Moorell

"tions of preparation
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One may consider the electronic'conductivigy of cuprous oxide to-
arise from a mobile valency: the electron holéiis.#ssociated with
"a Cut ion té;form a Cut+t+ ion, the excess charge beiﬁg mobile. |
Cuprdﬁs’oxide is unétable‘felative to éuprié o#ide at atmoépheric
oxygen préQéure and at temperatures below 800°C.  (See thé phése

diagram in O"Keeffe114

). The defect structure of the high temperature
form is retainéd upon quenching, and the electrical and defect
properties‘féflect the conditions during sample formétion.

b. Ionic conduction. The high temperature oxidation of copper in:

oxygen takes place by the moveméht of ions and electron holes écross
the growing cuprous oxide film. Wagnef eluéidétedithé kineticé of
copper‘0xidaﬁ10n. He accurateiy prédiéted the obéerye;parébolic

rate law coﬂstant from known values of Specific:électric conductivity,
the free ehefgy decrease Qf the oxidation feaction;_and the transporf
numbersAof the_ions (the sum, ktéd'+'t0)) gnd elecgfop holes (te).

_ Wagner measured the transport number of copper and féund'tﬁe pressuré;

independent value of 4(10*4) at 100000.123,126

Tthtransport number_of
the electron holes was taken as nearly unity, aﬁd that of oxygen
. was assumed to be negligible. 'The transpoftvnumbér of oxygen has pot
been determined. |

It is genérally assumed that ionié conduction in metal deficient
p-type semiconductqrs occurs by the migration of-éétions (see p. 28,
ref. 115). During the‘oxidation of copper in oxygen, thé transport

of the cation involves place exchange of the ion and an adjacent

~vacancy. It has been determined that the cation concentration decreases

[N
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from the metal/oxide interface to the oxide/gas interface, while the
103,112

vacancy concentration increases in the same direction.

20 films formed‘dﬁring the corrosion

¢. Anodic oxide films. The thin Cu

.or anodic Qkidétion 6f_copper are likewise p-type semiconductors. This

has been established by photogalvanic or phdtévoltéic measurements.lza’125

The degree of nonstoichiometry has not been determined for such films,
but there is no reason to assume an origin of semiconduction different
from that of samples produced by other means.

2. Origin of a Gradient of Properties in Anodically Formed Cuprous Oxide

a. The driving force for cation movement. The driving force for the _

transport of a cuprous ion within an anodically formed cuprous oxidé
film is a gradient of electrochemical potential. The electrochemicai
potential, | of a species may be formally decomposed into terms denotiﬁg
chemical potential (a function of concentration) an&lelectrostatic

128

potential, V. For a cuprous ion in the'cuprous oxide film,

T po + kT 1n a + FV . . (5.4)

Here uo is a standard state chemical potential; a is the activity of

" the cuprous ion; and k, T, and F are respectively:the Boltzmann constant,

the'absolute temperature, and the Faraday constant. If equilibrium of

the cuprous oxide ion exists throughout the film,nthe electrochemical
. ) +

potential will be independent of position and the flux of Cu will be

zero. In an asymmetric system such as Cu/CuZO/eleétrolyte, the chemical

_potential_will differ at_the two interfaces and thé electrostatic

potentiai wililat equilibrium be positionidependent. Conversely, with
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the imposition of a potential difference acrose:the'film by some.external
voltage source, the establishment of equ111br1un would require ‘an i
_adJustment in the concentration profile.

During the anodic ox1dation of copper, the concentration profile
of the cuprous ion w1ll be determined only in part by the boundary
concentrations. For an arbitrary impOsed field strength (or potential
drop), the concentration profile cannot be eXpected to adjust to |
establish equilibrium, and a flux of‘cuproue ions wiil result.

In the high rate anodic dissolution of copper through a non—porous :
surface film, the system is far from an equilibrium State,'and avgradient
of mobile ion activity can be concluded.‘ | | N | |

b. Interfacial'reactions.» With the high temperature oxidation of copper

in oxygen gas, the driving force for the formation of the defect structure

-~

is' the Gibbs free energy decrease associated withytheﬂreaction,

Cu.0 + n/2 O

2 2 T 01 0 (5.3

or equivalently,

(n/2 02)gasv - nvzu M nOo_.:

At the cuprous oxide/electrolyte interface, an analogous driving force

is associated with the Cu,0/C10 " redox couple. The oxidation half

3

reaction may be written,

» ++ . - ) ’
= + "
Cu20 Cu2_ 0+ n(Cu ) q 2n e L ~ (5.6)

4
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For the reduction of the chlorate,
. ) . e o
6H + ClO3 + 6 e = Cl + 3H20 _ (5.7)

The balanced redox reaction is ‘ -:

Cu,0 + % 1010_3‘ +22n H = Cu, 0+ ncu't +

n

3

C€1” +nHO0 - (5.8)

Pertinent thermodynamic calculations indicate that chlorate ié a

‘ sufficiently powerful oxidizing agent to oxidize Cu20 to the divalent

state. For unit activities of Cl0 d, Cl, and Cu++ (dissolved species),

oxidation will occur at pH below 10.6 according‘td the reaction,
Cu,0 + = cr0,” + 4t = 20t 41 ‘

20+ 3¢9 3 ° | (5.9)

c1” + 20,

(See Appendix D). We have found that cuprous oxide powder (Baker

3

simultaneous production of chloride. During'anodic dissolution,

Reagent Grade) is fapidly dissolved in 2N NaCl0. solutions with

continuous chemical dissolution of cuprous oxidé 6¢curs. IWe draw

the likely gohclusion that the oxidation igvel of:phe Cu20 at the
film/electrolyte interface approaches some level intermediate between
stoichiometric cuprous oxide and CuO. (A stéblé phase of’CuO_is not
found among the'reaétion products of copper dissolution in chlorate
electrolytes.  This is to be expected in the acidic chloride enviromment
at the film/electrolyﬁe intérface. Under thése‘conditions, Cu0O is‘
unstable relative to the basiq.chloride, Cu201(OH)2.105 The basic

salt is in'f#ct precipitated during:the etching.of copper in acidified

chloride-chlorate solﬁtions.106)
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In coﬁclusion,‘any form of cuprous oxide is metastable in the
chiorate electrolytg.' The conéentration of defeé;s-is tﬁerefdre_under
kinetic control and cannot be calculated from thermodynamic dafa,_
‘but a nonstoichiometric surface composition is expected. |

c. Gradient of space charge, conductivity, and'fiéld strength. A

gradient}éf properties in the cuprous oxide film has already been -
predicted from considerations of electrochemical potential as ;he
driving forcé for cation movement. Various miéroscdpic models for ion
, tfansport‘allow a semi-quantitative derivatiqniOf the gradient of
electrical properties. At this point the reader ié advisédvto turﬁ
to Appendix C. There, kinetic equations describiﬁgvthe depeﬁdgncé of
ion flux on field strength will bé derived for the .case of ion miération
at high fielﬂ'strengths through an array of potéhtial energy barriefs.
In thé_model, the oxygen sublattice is pictﬁred as rigid,vand.
conductiénvqccurs by migration of cuprous ions.by é "vacancy-cation
- place exchangeh mechanism:

x ' X '
Cu + V! - V! + Cu,, (5.10)
v Cu1 Cu2 Cul 7 Cu2 ‘ _

Numbered subscripts fefer to specific sites. ft is-conCeptually simplér
and equally rigorous td.picture the negative vacancies as the charge
carriers, as film conductivity is proportional to their concentration.

| As discussed in Section VQB.I, negative cuprous. ion vacancies arise
ffom the dissociation of neufral cuprous‘ion vacéncies'present‘in
nonstoichioﬁetric cuprous oxide. We assume that'elgctron holes migrate

' . . +
to some extent across the film/electrolyte interface——lfe., Cu ~ions
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Fig; 5.2. Gradient of properties in a growing cﬁbrous oxide film.

(A) Defect movement; (B) Profile of abgqlute'value of field
strength; (C) Profile of relative electrostatic potential;
(D) Profile of defect concentration. . Current densities;
ii'<v12 < 13. Critical field stréngth, E:.»'Broken lines

-~ for assumption of thickness independent E (light); and for
inverse dependence of E* on total film thickness (heavy) .
vE* is the critical field strength for resistive breakdown

transition.
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pass into solution-side complexes. A surface concentration of negative

vacancies will therefore be established at the film/eleCtrolyté
interfa¢é.' This situation is shown schematiéalif‘in Fig. 5.2A.

Asftréated in Apbendix C, the kinetic model predicts that thé
migration of charged particles away from the'inﬁerféce will give rise
to a_spa§1a1 distribution of Space charge, field sfrength, and

electrostétic'ﬁotential within the bulk of the film. The position

. dependence bf field strength, potential, and defect concentration

(proportibnai to space charge) are plotted in Figs. 5.2B,C, aﬁd D,

) respéctively.' Note that we have chosen the'film/electrolyte interface

as the origiﬂ‘of the positioh variable, X. It should alsp be remembered
that the kinetic model predicts that the electrical properties of the
film at any position X are independent of the total thickness of the

film. Finally, the situation at the film/copper interface is not

" indicated.’ It is shown in Appendix C that, for this model, the

electricalwpfopefties will be determined by the concentration of defects

at the interface where the_defects originate and by>the microscopic

structure of.the film substénce. . |
Absolute value of field strength increases:witﬁ position in the

film monotonically; mean field strength therefofe increases with film

tﬁickness for a fixed current density. For a given film thickness,

mean fieldvéﬁrength iﬁcreaées with current déﬁsity. In Fig. 5.2B,

field streﬂgth profiles‘ére cut by two dashed lines, indiqating

critical pohditions (field; thickness) fér breakdoﬁn: one line assumes

that critical field strength is independent of total'film thickness;
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the'other'indicates a critical field strength‘which.is.inverSely
~proportional to total film thickness. '

In Fig. 5. ZC potential is plotted against film position,.w1th
critical potentials indicated. The potential at which the cr1t1ca1 tield
strength is attained may either increase or decrease with increasing
current density, depending'on”the'assnmed relationlbetneen'critical_.'
field strength and film thickness; |

Finally; Fig. 5.2D shows.that defect concentration decreases
monotonically with film position and - is independent of current dens1ty
whenever the boundary concentration is independent of eurrent density.
Defect concentration 1S'proportional to-space charge,-as each'mobile
defect.inbonr~modelAcarries a -1 chargevnumber.f"" |

In summary, we have shown that a growiné\filn‘nay be snbjected to
continuouslyvincreasing mean field strengths at.a éonstant current:
density, because of the accnmulation of the space charge assoeiated with
mobile charge carriers. "It is not possible howenerlto'predict even
thevqualitatine dependence of breakdown'potential_drop on current
density without a quantitative knowledge of the relation'between
critical field strength and.total film thickness; More important,.

' resistive'switehing transitions may be initiated.forha critical

maximum field strength or a critical mean field strength—esuch transitions
have not been sufficiently characterized for a distinction to be made;'
Finally, the assumption of a surface defect-concentratiOn (C(0)) which

is independent of current density is somewhat arbitrary. In the

following section, it will nonetheless be shown that this simple kinetic

: model'satisfactorily predicts many aspects of theaperiodic phenomena.
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"~ C. Interpretation of Experimental Results - )

’

1."Chemistfy of Dissolution

" As described in Section IV-C, two distinct bhaées of cuprous 0xidé are

formed during'dissolution: _a thick (order of-2(10—3) cm) porous layer "'

during activg'dissolution; and a thin (order 10—5'to 10-4 cm) layer .
during traﬁsﬁaésive dissolution. 'The formation of either produét may
be written:
20 + H,0 = Cu0+ 2H +2e . -
In addition, chloride ion is found and may only be the result of the
chemicai reduction of chlorate by copper or cuprous speciés; For -
example, - o o L
A+ 01 1 - 4 1 -
2H: + 2 Cu20.+ 6 ClO3 = Cu + HZO + 6 Cl

These observatiénsvare consistant Qith the relé&ant thermodynamic
data. In Fig; 5.3 énd 5.4, plots of equilibrium eiéctrode'potential.
against pH (Porbaix diagrams) are shown, indicating.fhe domaiﬁS‘ofv
chemical and'électrochemical equilibrium among the various possible
reaction‘prqducts. The-presence'of.chloride #ends:to increase the

lower limit pH for the stability of cﬁzo relative to CuCl:

Cu 0 + 20" + 2017 = 2cuCL + K0 -
No CuCl is in fact found among the products of dissolution, but its
relative solﬁbility in chloride environment via chloride complex

formation together with subsequent oxidation by chlorate would render
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cuprous chloride unstable: - A ' S

CuCl + C1” = CuCl,”
N N R S © 1
H +cuCl,” +¢Clo,” = cu’ +——c1+ H,0

2 6 3 6 272

The thiekness'of the active phase eﬁprous'dxide; its poroeity,
and the etched appearance of the copper substfate are strong 1nd1cations
that this 1ayer is formed by secondary precipitation of Cu20 from
aqueous complexes. The growth of the thin transpaselve film is
invariably accoﬁpanied by a progressive flattening énd polishing of the
metal'substfate. As discussed in Chapter IV—C,:electropblishingeie
an indicatioe ofvionic conduction through a thin edherent 1ayer;'the

impedance of which controls the distribution of cﬁfrent on a microscopic

scale.

2. Supportive Evidence for the Migration df Negati#evcetion Vacanciesv
" The electropolishing effect ylelds strong supportive evidence to
our assumption that charge is carried:by'the migration of negétively

charged cation'vacancies. As suggested by Hoar -et al. 120 and Novek, ’ '

et al.,129 eleetropolishing results from the spatielly raﬁdom'arrival
of Vaeancies at the copper surface. The formatiqn of the wvacancies
is controlied at the electrolyte/film interface.Ae(See Appendix C).
Their rendom arrival euppresses the effects of'noﬁequel rates of
copper ion removal from dissimilar crystallographie sites on the

substrate. Onrthe other hand, if transport occurs by the migration of

Cu+ ions by an interetitial meehanism, such that.local rates‘ére controlled

PR
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at the coppér/film interface, the inhomogeneity>offthe copper surface
on a microscopic scale would be expected to produce a non-uniform
texture.

3. Dependence of Mean Field Strength on Current Density

The mechanism of ionic conduction can be inferred, in part, from
the empirical dependence of mean field strength on chrrent density. .
We shall compare experimental results with the high.field transport

equation deriVedvin Appendix C:

I qcAexp (qBE)

(5:11)

A = (2aVF/N)) exp -W/kT; B = a/kT

Mean field strength, E; which is diredtly“accéSSible to éxperimental
determination, is defined as:

E = S Edx/s = -@V(S) - V(0))/S  (5.12)
0 , ‘ ‘

where S is_film thickness.and V is electrostatic_potential; At the
cycle peaks, the mean field stréngth is approximétely equal to
amplitude divided by thickness of the transbassive film. We may
compute an ﬁppgr limit to the film thiekneés at ﬁhéjcycle peak by
assuming that allkmonovalent copper is retained in'the.cuproﬁsvoxide

film and contributed to its growth. Film thickness is then giﬁen

by, . ‘ , S '
s, = PITW_/Fd - (5.13)
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where I = current density, T = oscillation peridd; F = Faraday constant,
and We and‘d'are the equivalent weight and density of Cu20. If only

+ . v v
Cu+ and Cu  are produced, the current efficiengy_for Cu,0 production

2
isp = (Z—ﬁa)/na. :Equaﬁion (5.13) is expected to 5e a good'approxima¥
tion to actual peak thickness only at high curreétfdensities & 10 A/cmz),
where (1) the_dﬁraﬁion of the éctive phase is small compared to Tﬁland -
(2) the raté éf chemical dissolution of tﬁe film_ié small compafed to -
the rate of*film gro&th.. | |
Computed valuesJQf Sp and Eé fof curreﬁt deﬂsifies ffom 10 to

75 A/cm2 appeér in Table V-2. Plots of Sp against;I, and-ldgloI against
Eb are shown in Figs. 5.5 and 5.6. Severallobservatiéns may be made:

| (a). The plot of log(i) against E? is linéar.f For q=—1,'£he

slope of thelplot (cf. Eq. 5.11) yields,

v

B=6.8x(10°%) em/v . O (5.14)

This value is close to that obtained for the thin oxidic films formed
- during the.eléctropolishing of copper in phosphoric acid solutions.
From electrode resistance data and film thicknesses determined by

capacitance techniques, Kojimé calculated,

B = 7.8¢(10%) * 6x(107") cm/V.

The large error limits arise from the uncertainty'in thickness: 13-124 A;13l 
With a probable thickness value‘of 60A measﬁred by in situ ellipsometry
(Novak, et al.lzg), Kojima calculated a most proBable value of B:

6.8X(1O_6) cm/V. Our value of B is.of the same order of magnitude as

—

e et s i A o e
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Mean field strength is taken as the’ peak mean field strength Ep,

is approximated by (amplltude/thickness)

Table V;2. Calculation of Transpassive Film Thickness and Mean Field‘
Strength at Peak Cycle Potential '
Data from Stagnation Point Flow System
Flow Rate "Current Period Amplitude Thickness» Mean Field
" (cm/s) Dens1ty (ms) 4] (10™%cm) Strength
(A/cm?) . (102 V/cm)
93 8.5 131 11.3 0.926 1.24
93 10.9 - 90 12.6 0.816 1.57
93 21.0 33 13.9 .0.577 2.45
93 ': 31.5 19.5 15.2 0.511 3.02
9 1 17.5 40 14 0.582 2.44
94 30.3 19.6 16 0.494 3.29 .
94 44.8 11.8 17 0.470 - 3,92
94 "59.3 9.31 15 © 0.459 3.31
9% 74.3 5.25 14 0.324 4.34
94 74.3 5.00 14 10.309 4.60
160 - 8.5 138 13.0 .0.976 1.35
1160 ©10.9 91.7 12.2 - 0.832 1.48
160 31.5 18.4 15.7 0.482 3.30
193 10.9 100 10.4 0.907 1.16
193 15.9 60 . 14.5 0.794 1.85
193 . 315 19.6 16 0.514 3.16 -
193 41,5 11.9 16 0.411 - 3.95
193 53.9 8.3 15 0.372 4.09
193 74.3 6.4 16 -0.396° 4.10
. o gﬁ ik
. : _ ‘
Thickness = Sp = pITWg/Fd, where p = current efflciency for Cu20
production; I = current density; T = oscillation period;: We '
equivalent weight of Cujp0; F = Faraday constant; and d = den51ty of
cuprous oxide.

which
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for the valve metals (Al, Ta, Hf, Nb, etc.), for which B = (3—10)X10-6-

121 p. 242).

cm/V. (See Vermilyea,
(b).  For the linearity of the plot in Fig.35;6.to imply a high »' o .

field iénié'conductioﬁ mechaﬁiém, the préduétﬁqBEbmust be sufficiently |

large for the apprdximatién sinh(qBE) ~ % éxp(éBE)vto hold. The

product dﬁE ranges from 1 to 3 in the plot; heﬁée, withiﬁ the limits

of_experiméntai scatter, the_linearit§ is éohsistént with a high

field ionic conduction equation. |

(. From Eq. (5.11), B = a/kT. At 25°c,-f§r B = 6.8x(10"°) cu/V,

a-= 17X(1Of8) cm. The parameter (a), the activation diéténce_for ionic

transpoft in the simple model-in Appendix C, is anvéfder of'magnitude

larger than the-inter4site spacing in the éuprou§ oxide lattice.

An overgstimatibn of Sp by.a f&ctor of ten would'héVe lead to a ténf.

fold overe§timation of (a). However, for the anédic oxide films on.the'

valve metalé, experimental values of (a) are consistenfly two to:five

times lafgér‘thﬁn the average cafion—cafion éeparation. (Vermilyéa;121 '

P. 253). The difference is attributed to thevde§éndence of mobile ion

concentration or local'ionic configufatioﬁ on-field strength, which -

results in-the~activatibn disfance losing its simple physical v 1 /

significance. In cuprous oxide, a large apparent activation distaqce

might arise for a grossly nonstoichiometric defect st:ucture, whereﬁy ' '~

+ . . . .
a Cu ion might traverse a number of neutral vacancies before being

captured by a negative vacancy.
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(d);  From-Fig. 5.6, we obtain a zero-field intercept of 4 A/cmz.

From Eq.(S.ll), we may write:

|4/(2a§vF/Na)| E-exp(—W/kT)

For q=—1, a=l7x(10_8)cm, and \)=lO13 Hz, a combinéﬁibn'of possiblé values

of ¢ and W are obtained and tabulated below:

c W Voltage
GO N C ) M)
10%? 0.35 = 10
10'8 0.30  10°
10%7 0.24 10°
16 |

10 0.18 1

The thirdicqlumn-gives the voltage of a hypothetiCal pérallel

piate condenser (with material of dielectric constant 10) when charged

with the same quantity of electricity as in the space’charge film.

Voltage is_éalculated_from the equation for a parallél.plate condenser,

<
il

Q/c = Q/(KeoA/d):‘ B

where we set .

Q= c (qF/N))(dA) .

Hefe K = dielectric constant, C-= capacitance, Q = charge, and A and d

~are the area and'separation of the plates. As the maximum voltage drop

across the'film is roughly 10 volts, we estimate the mean mobile
vacancy COncentratioﬁ to lie between 1016 and lOlSﬁcm—3, with the

corresponding activation ehergy, W, between 0.18 and 0.3 eV.
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The coﬁdenéer analogy is a crude approximation;}?ﬁich serves only tb.
" confirm that the observed voltage drop and dielectric properties of
Cu20 are §onéistent with combinations of ¢ énd W derived on the baéis:'
"of the high field ionic'coﬁduction model. ’A pfecise calculation of -
c and W woﬁldbrequire knowledge of the coﬁpositiﬁn'of the layer,
including fhe'dependence of K qn’composition.é;a'the depéndence of
c(0) on‘timé. B

It shéuld be noted thgt the actiQation energyvOf roughly 0.25 eV
lies midway”ﬁetween activation ehergies fof'thé_vaiﬁe'mefal oxides
(0.7-1.5 eV) and those for "good“‘ionic conduchfé-(e-g,, AgARbIS,,
W= 0.09 eV, ref. 130). | -

4. The.Océﬁrrence of the Resistive Breakdown Tfanéitions

In Chapfer IV-D, the nagure'of resistive switching and breakdown
tfansitioné was discusse&.' The capacity for rgsistive breakdown
transitiqné’iﬁ aﬁodically fofmed.chprous oxidejfiims was démonstfated

log’log’usihg dried specimens

by this éuthdr and by Kosarevich, et al.,
of transpaséive films.

In general, resistive breakdowns occur when'field strength'excéeds
a critiéai level;.which is én inverée function 6f,sample fhickﬁesé.
The thickness dependence is believed to arisevfroﬁ the incréased
probabilitj'bf a single electron.causing an avalanche of a critiqalv
magnitude in thicker films.127 Experimentally, ;he depéndence of
critical field strength on film thickness often takés a quasi—exponenfial

or exponential form:

Ecritical - —Gl log S +:G2 . (5.15)
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where G, and G. are constants. A relation of the 350ve form was found

1 2
for aluminum oxide, various forms of mica, and sodium chloride. (See
134 o

Klein,”™ p. 202). The thickness dependence has not been investigated

" for cuprous oxide.

In the.anodic oxidation of copper in the chléfate'EIéctrolyte,

a breakdown_ofvanode potential 0ccgrs.at decreasing film‘thiCRnesses
for increasihg current densities (Fig. 5.5). -A‘plof of ldg Sp against'
Eé is indeéd iinear with a negétive slope, (Fig,‘5;7). Because of the
dual dependeﬁce of critical field stfength on thickness arising from

(1) the pfobébility of avalanche and (2)'the’enﬁaﬁcemént of'field

due fo space charge.accumulation, the exact depeﬁdence of breékdown'

on experiméntal variables cannot be predicted with the data at hand.

In Fig. 5.2, the behavior of peék potential at different current denSitieé
is schematically shown for (1) a single, thickness-independent criticél.
field strepgtﬁ, and (2) a critical field strength which decreases

with increasing thickness. It shduid be:thed #hat;either caéé
predicts the ébserved monotonic decrease of peak film thickness with
increasing current degsit&.

The enhancement of field strength during filmlgroﬁth is évidenCed
by the upward sweeping anode potenti#l (see Figs. 4.2-7) which |
invafiably prééedes potential breakdown. The upﬁard sweepingvpbtentiél
cannot Be sblély'aﬁtributed to a closing of poresfinré hypothetical |
porous layer 6f reaction prodﬁcts. Wi;h the ohsef of tranSpaééive
dissolutiOn;‘the metal substrate becomes pf6g¥éssi§eiy flattened and
pdlishe&.- This indicates that the mefal is already compleﬁely covered

with a transpaésive film ﬁrior to the ascent to:ﬁeak potentials.
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The-differential field strength, Ed,'is giﬁenﬁby

B, = E(S) = -dv/as - (5.16)

as showﬁ in Appendix C. As is evident from Fig,.d.z, the slope of

anode poﬁéﬁtial increases by an orde: of magnitude during film growth.

(In contrast to this behaviof, the volpage'inEreasé is linear fof

anodic 6£ide'film growth on the valve metals at constant current density;)
The increase ih élbpe is consistent with the modél of space chafge ©
accumulatioh;' It is possibie that é change in tﬁé chemical natﬁre of
the filﬁ (for example a ﬁartial conversion to Cu0O) might also lead to
an increaseiin film resistance with increasing_thickness. The |
invariance of instantaneous'appérent valgnce during transpassivé
dissolution tends to argue égainsﬁ this cqncluéibn,'

Finally, it was noted in Chapter IV-D that breakdown on dry

- specimens occurs at a range of voltages which lies below the voltage

attained.dn.the same specimens in situ. This is to be expected whenever
space charge accumulation occurs during film growth. Upon breaking
the anodizing circuit, the space charge profile will relax, leading

to a lower average concentration of negative vacancies. As the

concentration of Véu subsides, the concentration of holes will increase

(Eq. 5.2). Electronic conductivity will therefore be higher in the
dried samples than in the in situ films. For a given voltage drop
across the dried samﬁle; more current carries are available to initiate

a critical avalanche.
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5. Depéhdehce of Oscillation Perioa on EXperiméﬁtél‘Variaﬁles
Oséillatioﬁ period was found to inérease with.electrolyte floﬁ

rate over the range of current densities empldyed-iﬁ the channel.flow
systems.’ Increased‘hydrogen'ion concéntration prcionged ;he growth :
phase-of the c&cle; the effect being stroﬁgést at 1owvcurrent densities.'
As noted iﬁvSection IV-A, increased flow fété and decféased pH effect
a lowering in tﬁe»net rate of trénépassivg,film'growth by increasing'
the rate-ofvits simultaneous chemical dissolﬁtion.: The rate of chemical
dissolufioﬁ:ﬁay ﬁe.expressed asva current density; Io;.which must be
subtracted from the applied current density, I, tbbobtéin current
'availab1e>for.film growth, The term, (I—Io), may be entered ihto the
'empirical'Eq; (4;1), to'dbta?n,.(l—lé)aT ='coﬁstaﬁ§;vv1ncreas¢dv o
hydrogen‘ion‘concentration and flow tate shouid‘increase the minimum
curr%nt denéity for film growth, I=Io. Fo;‘I >>’Io’ the effecté of
‘these variables on grqwth rate should be negligible'if oniy_chemical
dissoiution is. involved. This was not found. vIﬁcreasing PH changes
the form of ﬁhe empirical relation'by lowering'the'exponent, a. Thé
piots of log(ﬁeriod) against iog(current density) for differeﬁt flow
rates were parallel, not convefging. i

H A complete understanding of pH or mass transpbrt effects would
require a knowledge of the dependgncé of the éurface concentration of
lattice defects, C(O),_on éctivitiés of reagtants."The surface defect
concentratioh,.not film thickness, is the primary-factor in.cdntrolling
fhe enhanceﬁént of space charge, field strength, and ionic coﬁduqtivity.
A quantitétive relation between C(0) and reactant concéntrafion is

beyond the scope of this: research.

.,
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D. Summary of Chapter V .

x

(A) Almodél vas pfesented which interpret$ the oscillation
phenomenon:as resuiting from sequential phases’of film growth (by
ionic conduction through a'cﬁpfous oxide film; field relaxaﬁion (by
abrupt resisﬁive switching trahsitions.in the fiiﬁ when a critiéal
combination of field stfength and thiCRness is reached); and restbfation

of film grow;hv(by destruction and removal of the body 6f film containing .

"the low resistance breakdown channels). On the basis of the model, it

was shown that no stable electrode state is accessible to the system'
and that tﬂe‘consequent fluctuations should be regularly periodic.
(B{-The mode1 makes certain assumptions conéerning the physical
and chemical“ﬁaturé of the anode surface film, which are shoﬁﬁ to be
justified_By‘contemporary understanﬂing of cupfbus oxide and ionic
conduction kine;ics. | |
Cuprpué oxide is a cation deficient, p—typé'Semicdnductor with a
broad range'éfbnonStbichidmetry. Ionic bohdugtion occurs by the
migrationlof éuﬁrous ions through the lattice——ﬁr-equivalently, by
the counter-migration of negafivelyvcharged cﬁpfous ion.vécancies;
In a growing:film,.a gradient of propértiés was predicﬁed ;n tﬁe basis
of electrochemical potential as the driving forcé'for transpoft; A
high concéﬁtration of ca;ion vacancies at.the film/électrolyte interface,
was predicted from considerations oflfhe large thefmodyhamic driving
force for the oxidation of cuproué oxide by chlorate.

A claéSic model for iomic transport in solids, presented. in

Appendix C, was applied to the‘caéefof ionic conduction on negatively
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" charged éuﬁtous'ibn vacancies originating at. the filﬁ/éiectfolyfé
interface.:.Qualitatively, field strengtﬁ was predicted to increase"
with curregt_density and Qith film thickness.,}Thé gradient.of field

’strengthiiS'a consequence of accumulation of spa;e'chafge associated'
with'moﬁile:Charged defects. | | |

(C) Certain'experimentaivrésults were intefpreféd and supportive
evidence'was adduced for thevﬁodel.

The fdrmatiqn of cuprous oxide:and-its Subséqqéﬁt oxidation was
shown to bé conéistenf with relevent Ehérmpdynémic.data. Theyobser?ed

flattening and polishing of the copper substrate indiﬁates that charge

is transported by migration of negatively charged defects” away from the

film/electrblyte interface.

The émpi;iéal dependence of mean,fiel& strength on current deﬁsity
follows tﬁe equatibn.for high field ionic condﬁ¢tioh, Eq. (C.5).

An inverse relation between maximum field strength and maximum
film thiéknéss was derived from experimental déta;”bThe relation was
expected oﬁ the basis of a similar behavior'for é:Qarie;y of'sﬁbstances
'undergoing resisti§e switphing breakdowns.

Fihally, the predicted_increaée of field sfféngﬁh with increésihg
film tﬁickness was evidenced by our Observations-Qf~orderéof-magnitude
~ increases ththeAtime—derivative of anode potentiél'during the growth
_phase of the cycle. B

Further.suppbrtive evidence for the modelvwould feqﬁire:

(1) quantitative knowledge of the dependence of surface defect

concentration on electrolyte composition, current density, and film

[

.
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thickness; (2) a theory of the dependence of btéakdown field strength
on sample thickness; and (3) characterization of the electrical and;

chemical properties of the film/metal interface.
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APPENDIX A

Large Amplitude Anode Potential Oscillations
in Electrolytes Containing Halide lons*

Table A-I.
’ Current o . .
Electrode/Electrolyte Density Period Amplitude Comments -
(A/Cm ) (s) v :
Cu/5M NaNO,, 0.1M NaCl 20 0.025 20-25  Irregular Waveform
Cu/2M KN03, 0.03M KC1- 3.1 0.54 8-10 Neariy~sinusoidal a
P ' 'wavefOrm
Cu/2M KNO3, IM KI 3.2 0.24 5 " Nearly 51nu301da1
: ' waveform
Cu/1M K so4, IMKCL 9 0.33 25-30  Sharp peaks;.
s ' 02 evolution -
Cu/2.5M H3PO45 19.6 0.01 25 |
0.03M NaCl . ' : SR o
Cu/2M HCL . ' 20 | ‘0.088°  >50 ': Spark discharge
25 0.050 _ . observed during.
o 30 0.032 ~dissolution
. - 35 0.020 '
o 40 0.016
45 0.021
_ 50 0.009
Cu/4M NaOH, 1M KCl 9.5  0.046 30-50  Continuous 0,
' . - - evolution, spark
- discharge.
Fe/5M NaCl0, =~ . 19 0.014 5  Waveform similar
! - to Cu/5M NaCl03

system. Anode metal
was SAE-1018 steel

* : o
Investigations conducted by this author.
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(a)

A

1O
S
Vv

'XBL731-2156

... Fig. A.1. OSCillation Waveforms for Dissolution of Cu and Fe: Cell
R Voltage Tracings. Current Density = 19 A/cm2; stationary electrolyte.
(a) Cu/5F NaC103; (b) Fe/5F NaClQB; anode metal, SAE 1018 steel.
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(c) o o (e)

XBL 742- 2394
Fig. A.2. Oscillation waveforms in halide- contalnlng electrolytes.
Statlonary electrolyte; copper anodes. (a) 2M KNOj, 1M KI;
3.2 A/cm?; (b) 2M KNO3, 0.3 MKC1; 3.1 A/cm2; (c) SM NaNO3,
0.1 M NaCl; 20 A/cm2; (d) 4M NaOH, 1M KC1l; 9.5 A/cm?; (e) 2.5
M H3P04, 0.03 M NaCl; 19.6 A/cm
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APPENDIX B

- Periodic Electrode Phenomena _
- Involving Current-Restricting Surface Layers

Table ﬁjI lists reported qbservations‘of peribdic elecfrode

" phenomena involviﬁg the growth and destructionwof current-restricting
layers of reactiQn pfoducts. Unless otherwise nofed, the oscillations
in potential or curreﬁt 6ccur upon anbdic polarization of the metal.

The table is intended to show the variety of electrode/electrolyte.

combinations in which such periodic behavior is observed as Qell as

the variety of models advanced fo; their interpretatidﬁ. The listing
.is not .exhaustive; many observations of periédicity reported before
1926 have:béen excluded. Refgrences to earlier.wo;k may be fbun&

in HedgeS'apdeeyers.35’76



Table B-I.

Observations of Periodic Electrode Phenomena Involving Current Restricting

Surface Layers

Interpretation .

.

"5 ppm C1™

i=0.5 (1076) A/cmZ;
ampl. 0.01-0.1 V; per. 1
min.; irreg. osc.; '

no osc. without C1°.

oxide film due to C1°

No. Electrode/electrolyte Observations Reference
1. Ag/KCN | o
' Ag/H 0, v/i osc.; alternate
formation and shedding Hedges (77)

3. el Nﬂs’(ma)zso of solid film - |

4, Ag/NH3,NH4C1 .

5. Ag/AgCN,KCN,K2C03 v/i osc.; formation _ alternate deposition/ Gilbertson (44)
and shedding of film- dissolution of AgCN film; . : _ :
probably Ag.O formation of AgCN_~. and

- 2 AgO 2
| ~ &2 | |
6. Ag/0.3MAgCN,0.7M v/i osc.; : alternate deposition/ Francis (43)
: i=0.3-0.35. A/cm : dissolution of AgCN film ‘
per=0.03 to 0.2 s to form AgCN2
7.  Ag/0.5 M KCL ‘Mechanical disruption Lal (48) .
) : of AgCl film
‘8. 'Ag/ZfIOM HCI o v osc.;SFAIVanoétatic. ' formation and breakdown N -_'indira‘(37)
' o 10 mA/cm4; ampl.=5 v; of PN junction :
per.=10'5 s; irregular
- osc. _
9. A1/100% H,SO i/v osc.; 1i=50 mA/cmz;‘ - '-Hedges (79)
_ 2774 -
amp.=13 V;,per.=45 s :
:10.' Al/lead laurate, vV 0sc.; galvanostatlc, ' --Field enhancement in

.Pryor (7)

_Z6I—
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Table B-I. Observations of Periodic Electrode Phenomena Involving Current Restricting

Surface Layers

No.

Electrode/electrolyte

Observations

- Interpretation

Reference

12.

13.

14.

15.

" 16.

- 17.

Au/4N HCL

Cd/30% HZSO4

Cd/KCN

Ccd/0.1 F NaZWO4

Co/l—;é HZSO4

'Co/1N HC1, 0.85 M

CrO3

Co/HCL,Cr0y

i oéc.;‘potentioStafin;
Eg=1.8 V; ampl.=2 A/cm?;
per.=5 s ' ‘

i&v osc.; ampl.=3-4 V;

period=1 min; 0, evolved.

at peaks of potential
i&v osc..

v osc.} galvanostatid,
0.16 A/cm? spalling of
oxide layer

v osc.; galvanostatic,"
70-250 mA/cm?2;
ampl.=1.4 V; per.=1 s

‘osc. in rest potepfial;
ampl.=0.2 V; per.=1.6 s
period depends on

electrode size; coupling

of two electrodes of

- different frequencies
- results in average frequency

osc. in rest potential.

shift in potential of
active/passive transition

due to alternate depletion/
replenishment of HT

*

formation and breakdown
of oxidic film; breakdown
by electrical discharge

alternéte formation/-
disruption of film

Shift in potential of
active/passive transition
due to alternate depletion/
replenishment of wt

_Franck (40):

Hedges (78)

Hedges (78)

Gruss (61)
Hedges (79)-

‘Franck (26)

-Gougerot (87,86)&

-€6T-
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Table B-I. Observations of Periodic Electrode Phenomena Involving Current Restricting

Surface Layers

No.

Electrode/electrqute

Observations Interpretation

Reference

18,

19.

20.

21.
22.

23.

- 24.

25.

Cu/NHO, ,NC1

3’

Cu/air sat. HCL

Cu/5% CuCl2

Cu/5% NHACl

Cu/5% NaCl

' Cu/2.5-10% KCN

Cu/10-50% HCL

Cu/KC1

_osc.

iy osc.;:i(agtive)g' _
'80-600 mA/cm?; ampl. -

- igv osc. '

in.réét potential;‘ " alternate Cu O'deposition;x
Ampl.=0.09 V; per.=6 min. . dissolution '

osc. rest potential; " "o
per.=several hours; osc.
only on cold worked metal

| ' "
(same general effects as in

HC1l system; periodic prec.

of CuZO film)

i&v osc.; v osc. galvanostatic, "o
0.06 A/cmz;.Amp1.=1 V; "in
every respect this phenomenon

- is similar to periodic

electrolysis of chloride

-solutions."

. 31terﬁate-CuCi and*Cu 0
formationgand“dissolu%ion; '
-metastable form of Cu,O

depends on external - 2
suggested;

voltage source; period
10-300 s; per. inc. with
inc. current density;
sudden color changes in
Cu,0 film.

27 o 4
. periodic film formation/
~ dissolution

Hedges (76)--}

Hedges (77)

—y6T~

'ngedges_(77;81) :

Bartlett (75)



Table B-I. Observations of Periodic Electrode Phenomena Involving Current Restricting Surface Layers

No.

Electrodé/electrolyte

Observations

Interpretation

Reference

26,

27.

28.

29.

| CQ/H3PO

Cu/1.5-4 N HCl

~

Cu/2F HC1

4

Cu/H3P04

"i&v osc; v osc. in
galvanostatic dissolution,
'0.1-0.15 A/cm2; ampl.

depends on voltage

‘source; per.=5-100 s;

period increases with
current density

i&v osc.; osc. found at

anode potentials between
-.27 and ~0.25 Vvs 0.1 N

calomel; osc. also

‘observed at electrode

potentials below those
- +4
necessary for Cu,0, Cu

or 0, production

i&v osc.; osc. in narrow

range of current densities

near limiting current
plateau (42 mA/cm?2)

i&v osc.; osc. associated

with narrow potential
region at low potential

end of current plateau for

alternate formation and
‘dissolution of CuCl and

Cu20; kinetic model

alternate formation

and dissolution of CuCl

porous layer; CuCl

dissolves as.CuCl2

alternate formation and
breakdown by electrical

‘discharge of Cu/CuO/viscous

layer condenser

"unstable intermediate

products or adsorbed film"

electropolishing:0.65—0.85 \)

vs. SCE; per. 0.4-11 s;
ampl. 0.2-0.3 V

Bonhoeffer (55)

Cooper (45,46)

-G6T-

Pointu (47) .-

- Dmitriev (66)



Table B-I.

Observations of Periodic -Electrode Phenomena Involving Current Restricting Surface Layers

No.

Electrode/electrolyte

Observations

‘Interpretation

Reference

30.
31.

32.

33.
34.

35.

36,

Cu/0.2 M K._SO,

Fe/2-8NlHZSO4

Fe/KHso4

Fe/1N HZSO4

Fe/1F H,SO

2774

Fe/H,S0,
0.002-0.02 M KC1

Fe/4N NaCl

-1 osc.; potentiostatic

A:i/v osc.

. 2=4 Afcm

v osc.; galvanostatic,
20 A/em2; ampl.=15-20 V;
per.=0.03-0.05 s

v&i osc.; low external
resistance; per.=5(10‘4)
to 0.02 s; per. decreases
with increasing current

v&i osc.; no osc. in K2804

F
or eSO4

Ey=0.49 V; ampl.=0.4 A/cm%

per.=20 s

ed osc.}
flO é—lO"'E '

Vv 0SC.; galvanostatlc,
0.3-0.8 A/cm ; ampl.=0.8V;
irreg. osc.

v ‘0SC.} galvanostatic,
ampl.=2V; per.=

0.02 s; per. decreases

with increasing current;

sawtooth osc. waveform

. by C1”

1Alternateggrowth'ahd

shedding of surface layers;

- possibly involving thermal

effects.

Alternate growth and
dissolution of passivating
film, associated with
shifts in pH.

Shifts in Flade potentlal
induced by alternate
depletion and replenishment

. of H+.

alternate deposition/
dissolution of passive
layer; "unstable film -
state."

action of local currents
following attack on film

ions.

unstable, porous, non-

protective film

‘Landolt (89)

‘Bartlett (75,58)

Bartlett (75)

" Franck (39-41) °
- Torigoe (64)

Rius . (71)

Postlethwaite (59)

-961-



Table B-I. Observations of Periodic Electrode Phenomena Involving Current Restricting

Surfate Layers'

_No.'

Electrode/electrolyte

Observations

~ Interpretation

Reference

37.

38,

39.

40.

41.

42.

43,

44,

45,
46.

47,

48.

Fe/14N HNO, B

Stainless Steel
(18 Cr-12Ni;
18Cr-9Ni)/0.1N NaCl

Fe/3.16 N sto4
0.05 N HC1

Fe/Cr0,, HCL

Fe/HC1 in Dimethyl-

. Hg/KCN

Hg/HN03-

Hg/NaSH

Mg/HCL, Feso,

‘Mglnzso4

Pb/HNO3

Pb/LiAlCl, in
propylene carbonate

V 0SC.;

v osc.; cathodic

"polarization; ‘ 2
"galvanostatic, 0.04 A/cm

ampl.=0.6 V; per.=45 s
alvanostatic;
i=2 A/cmé; per.=0.01 s
osc. in rest potential
osc. in rest potential
of 1.5 V; ampl.=0.5 V;
per.=5 s

i&v osc.; alternate
formation and breakup

-of black film; meniSCusvk

alternately flattens

i&v osc.; low amplitude

i&v osc.

v osc.; galvanostatic,
2.5-7.5 mA/cm?; ampl.=0.3V;
per.=3-5 s; irregular
waveform; unsustained

';chemiéal passivation by

HNO3; reduction by cathodic
polarization; kinetic model

osc. associated with. .
agresive anion (C17)
attack and pitting

Shifts in Flade potential
due to alternate depletion

" i&v osc.; osc. at overvoltage —

alternate formation
and breakup/dissolution .
of PbCl2 layer '

Bonhoeffer (18-20)

Rosenfeld. (23,24)

Franck (26)
Gougerot (87)-

Posadas (72)

Hedges-(78)

Hedges (76)

Hedges (78)

Bhaskara (73)

-L6T-



Table B-I. Observations of Periodic Electrode Phenomena Involving Current Restricting Surface Layers

No.

Electrode/electrolyte

per.=1000-0.3 s;

i=10"3 to 1.5 MA/cm2

* per. decreases with

increasing c.d.

Observations Interpretation Reference
49.  Pd/HCOOK,1M KOH - v osc./galvanostatic, reactant depletion; » Wojtowicz (20)
- 10-5-10"3 A/cm?; oxide formation; reactant
ampl.=1-5 V . replenishment and oxide
reduction
50. Pt/1M HCLO,, " "
C,H 4
7274 . _
51. Pt/0.8-2M NaOH, v&i osc. in three alternate formation and Gerischer (60)
' Na$S " potential regions; reduction of Pt-oxide : :
ampl.=1V; per.=1-5 s layer during oxidation )
of $~2 to 5,0,72 or SO
. 273 4 _
52, Pt/1N Hy504, v osc.; 1=320 mA/cmz; alternate formation and Pavela (74)
. CH30H ampl.=0.25 V reduction of PtO by either ‘
. T methanol, formic acid
or formaldehyde; diffusion
controlled :
53, Pt/lM_CHzo, H2804 v osc.j»galvanostatic. coupling of ‘diffusion/ . Hunger (69)
' 3-100 mA/cmz;' adsorption processes; ' )
ampl.=0.6 V; Pt-oxidic layer formed
per.=20-2.5 s; _
per. increases with c.d.
54. Pt/stoa, H2 v osc.; ampl.=0.4-0.8 V; depletion of Hé in liquid Armstrong (83)

phase boundary layer;

_potential rises to oxidize -

. Hp in metal; replenishment :
by diffusion o-f-H2 in liquid -

" phase ' o .

-861-




Table B-I. Observations of Periodic Electrode Phenomena_Involvihg Current Restricting

Surface Layers

No,

Electrode/electrolyte

Observations

Interpretation

Reference .

55..

56.

57.

58‘

59.

60.

6l.

62.

Pr/uz,_;F_sto4

Pt/H,, LF HC1

Pt/HCHO, 9M H_SO, to

10M KOH, 24

Sn/H,S0,

Sn/HNO, .

Sn/0.1-2N NaOH

T1/HCOOH

Zn/4-16%NaOH

i/v osc.; i=10-50
micro-A/cm“;
ampl.=0.6-1 V;
per.=120-2400 s

vV 0SC.} galganostatic,
10-40 mA/cm“;
ampl.=0.2-0.4 V;
per.=5 s

. 1&v osc.

i&v osc.

v osc.; galvanostatic
i=1.5-3 mA/cm?
ampl.=0.1 V
per.=seconds

v oSc;; galvanostatic,
1-5m Al cmz; at 45 Vv

. overpotential; pitting

i/v osc.; i=5-130

mA/cm2 active; ampl.=3V;

per.=1 min.

.formation of Sn(OH)

alternate formation and

‘reduction (by Hp) of PtO

film; film formation upon
depletion of HZ from
electrolyte

Formation and Reduction
of Pt-oxides by Hjp

in metal phase

5
oxidation to Sn(OH)z;
dissolution of higher

oxide to form stannmate;

pitting; changing ohmic
drop in pits due to

0 CO, formatioh

2> 772

' Sawyer (68)

Buck (29)

Hedges (78)

- Shams E1 Din(42)

-

 ,Piggott=(85)v

Hedges (78)

~66T-



Table B~I. Observations of Periodic Electrode Phenomena Involving Current Restricting

Surface Layers

No.

Electrode/electrolyte

. Observations

Interpretation

Reference

o
64.
65.
.66.

67.

Zn-Hg/30-40%H,S0,

Zn/4N NaOH

Zn/O.lF NaA102 or

0.1F NaZWO4

Zr/0.1 N NaF,0.002M
HF, air sat. or

0.004M HZQZ

Zr/0.1N NaF, 0.002M HF

‘i/v osc.; 1=50 mA/cm2
active ampl.=1.6 V;
per.=30 s

i 6sc.; potentiostatic
Eg=-1.1 V; ampl.=0.3 A/cm

per.=3 s

v osc.; galvanostatic,
0.16 A/cm2; ampl.=50-200V;

per.=100 s

osc.-in rest potential

ampl.=0.9 V
per.=4-7 min.

v osc.; galvanostatic,
3.8-1900 pA/cm?
-ampl.=0.9 V
per.=60-240 s

active/passive transitions

spalling of oxidic layef;
breakdown due to electrical

~discharge through film

-Bonhoeffer kinetic

model

Hedges (78).

Franck (40)

Gruss (61)

.Rettig (82)

-002-
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' AP_PEND'IX C.

_Tonic Transport and Space Charge in Crystélline-Solids

1. Fundamental Equations of Ionic Transport

In crystalline solids, ionic conduction occufé;through the movement

of charged point defects: anion or cation vacancies and interstitial
anions or cationms. With a simple kinetié model, a transport equation
may be derived which expreséeé the flux of a defect species as a
function of field strength and certain physical constants. A éimplified
derivatioﬁ‘Will'be given below. lDetailed'deriQations and fuller .
discussion. of transpott’theory’in'solids are foundbin Young (Chapter II)49_
énd Dignam.128 _ '

 For é SOlid frée of any externally épplied field,”charged defects
are pictured to diffuse through a field of identical poteﬁfial energy -
barriers of height W and width 2a. (Solid curve,.Fig. C.i). A defect
will surmount a barrier if sufficient thérmaliénergy ié.acduired.
From Boltzmann statistics, the probability of a defect possessipg af
any instant a kinetic energy =W is propoftional to exp(-W/KT). When
an electrostatic field is applied to the sample in»direction X, the
energy of the defect will be the suﬁ of thermél enérgy and energy ,
acquired by movement in the field. This situatibn gives rise to a

skewing of the periodic potential profiie such that the effective

barrier height for a defect at x wiil be (W+qaE) for diffusion with

or against the direction of the applied field.

From elementary rate theory, the flux in the direction of the

field (increaéing x) is given by49
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WITHOUT
FIELD

//WHH
FIELD

POTENTIAL ENERGY OF ION —»

[
X

DISTANCE —»
| XBL 754- 6045

Fig. C.1. Potential energy profile for a crystal lattice with
(broken line) and without (solid line) the application of an
external field. The directions of current flow and field are-
to the right. A and B are the positions of a positively charged
defect before and after a field assisted Jump
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j = 2acvexp(-(W-qaE)/kT) : - (c.D)
The flux against the field is given by,

A N

2a(c + 2a(de/dx))vexp(-(W+qaE) /kT) | (C.2)

g
il

“Here v is a'éharacteristié vibrational frequenéyvof the defect at a
site in the lattice; c¢ is the defect concentration; and q is the charge

number . The net flux in.the direction of the field is

T, > % o
i = 3-3 _ : (C.3)

i 4acvexp (-W/kT)sinh(qaE/kT)

~4a%v(de/dx) exp (- (WqaE) ) /kT)

Low Field Approximation. If the field strength is sufficiently low

(qaE <<kT; qaE<<W), Eq. (C.3) may be_approximated by,

5 ‘ . A . 7
j‘= {é§E¥SE exp(-W/kT)} E - {4a2vexp(—W/kT)} de/dx (C.4)

The_first_quantity in brackets'is the ionic conductivity; the second
quantity in btackets is a diffusion coefficient. 

High Field Approximation. As shown by_Dignaml-28 (p.142), the

dif fusion tefm may be neglected for space charge deﬁsities less than
~ about 5X(109) e/cm3 provided qaE/kT = 1. Under these conditionms,
Eq.'(C.3)'takeé the simple form,

j = 2acvexp(-W/kT) éxp(an/kT) - (C.5)



~204-

To convert the above expression into units of A/émz, we multiply by
the factor, qF/Na, where F is the Faraday constant (96,500 coulombs/

equivalent) and Na is Avogadro's number, 6m023X(1023) particles/mole:

]

1

= cqA exp(qBE) (A/cmz)
A = :(ZaVF/Na) exp(—W/kT)b' . v (C;G)
B = | |

a/kT
Déspife fhe simplicity of the model, the exponential dependence'of -
current on field strength is well éxtablished‘by expefiment with

anodic oxide films formed on a variety of metals;49’121’12

2. Space Charge, Field Strength, and Potentiai Profiles .
The. dependence of field strength on space_chargeiconcentrétion

is given by Poisson's equation:

VE = (F/ReN) T ey - c.7)

Equatioﬁs (C.Z) and (C.6) may be comﬁinéd tdeiel& the profiles of
space charge, field strengtﬁ, and electrostatic pofential withiﬁ the
film. | |
In this;derivation, we make the following aséumpfions:
(1) Spgég charge is due exclusively to the negative ;ation vacancies,
Véu. The vacancies are the sole currénf'carfiers énd are iﬁjected into

the electrolyte/film interface.

(2) Diffuéioﬁ if considered unimportént relative to migration.

e s U st



7 -;20-5— v

(3) Current is independent of position within the film, i.e.,
3j/8x=0._'This condition will apply whenever the curreﬁt consumed in the
production pf space chargé is a small'fraction Qf the total current.

(4).The film is-of plane parallel geometfy, ‘C§ncentration and
field stréngth vary énly in a direction perpeniiCular to the interfacial
planes.

‘ For simplicity, we. choose the origin of.the'position coordinate,
x,vto coiﬁcide with the film/eleétrolyte.interfaqe, The qﬁantiéy X

increases in the direction toward the metal/film‘ihterface. The

appropriate form of Eq. (C.7) is

3E/dx = qDe - o (C.8)
‘D = (F/Re N))
bifferentiation of (C.6)_yields:
9E/dx = -(1/Bcq) 3c/dx (€.9)

Substituting into Eq. (C.S),-and integrating gives the concentration

profile:

c(x) = c(0)/(1 + q°BDc(0)x)"  (c.10)
Substitutingvé(x) into Eq. (C;S) and integrating, we have the field
strength prbfile;

E(x) = E(0) + (1/qB) In(1 + ¢’BDc(O)x) = (C.11)

-
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Electrostatic potential is related to field Stfeﬂgfh by.the équation
V(x) = -/ E dx - (C.12)

Subétituting-(c.ll) into (C.12) and integrating between limits (0) and
(x):

_ (1+<121;1)c(o)x)-1~n {(15'+' ngBDc(O)x))}

32 p (C.13)

v(x)4V(0)‘=»-E(0)x
o q B Dc(0)

where ‘e ié'ﬁhé base of the Naperian logarithms.

The charge nuﬁber'on the mobile defect is (vi). Ih this cdordina;e
system,vfiéid_strength and cﬁrreﬁt are negative quantities for anodic
polarizatioﬁ. 'The absolute magnitude"of.fieid ;#rehgth is seen té' -
increase from the film/electrolyte iﬁterface to the metél/film intérface,
while the concentration of defécts falls off ménotoﬁically in the same
direction. Potential drop withinvthe film is ﬁdgldirectly proportioﬁal
to thickneés, but swiﬂgs upward with'increasing'thickness;

In fhis derivaﬁion, a bouﬁdary condition c(S).at the.film/metal.
interface (x=S)'does-not appear. Dignam (pf129);28 sh6wed that the
defect concéqtration at the iﬁterface toward which the defects'hove
hasvno effeéﬁvon the transport rate (o; field distribution), provided
that: | _ _ |

Aﬁi 7= kT ln(c(O)/c(S))-+q(V(o)—V(S)) >;4kT
and \ |

a(V(0) - V(8)) > 4kT

iy s Eon e o o e

o et e s
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In oﬁr sysfém c(0) > c(8); at 25°C, 4kT = 0.1 ev.  qu a potential -
drop ;hrough“the filﬁvof 0.1V or greater, Dignam'é conditions.aré
_met. His'dérivation was-derived for the case of.homogeneous field

' distribution,'ﬁhere tranéport is controlled only by'tﬁe concentraﬁion
of defecﬁs at the interface aﬁay from which the defects move. The
same reasoﬁing'Should apply when the field is né ioﬁgér homogeneous,
5écause of space charge accumulation. At the metal/film’interfage,
c(x) will'édjust abruptly to the value c(S). |

The boundary condition c(0) is related to E(0O) by the equation,
I = qAc(0) exp(qBE(0)).

At constant current, c(0) will therefore not changé with film thickness.
The deﬁendence of c(0) on current density and on solution composition
is complex and will involve the kinetics of vaéanéy fOrmafion and
dissociation. The surface concentration of defecté-therefore cannot

be predicted on the basis of kinetics of transpbrt'of defects through
the film. _ . A B R . .

The total potential drop through the film must be ‘added to the
poténtial drops'across the two interféces to'bbta;ﬁﬁfhe anode potential
during film grpwth.’ As the metg},is-completely film—covéred for an
anode potehtial ihcrease of only O.S v above‘activg dissolution
potential, ﬁhé large spbsequent increase of poténtial may be attributed

to the‘resistance of the growing cuprous oxide film.
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"~ APPENDIX D.

Redox Potential of the Cu.0/Cl0, System
4 .

We will calculate the redox potential for the net reaction,

-

1

Wik -

4H + Cu0+=cl0,” = 2cutt+omoO+zcClT . ‘ - (D.1)
2 3 3 . 2 o
The associated half reactions are:
2+ Cu,0 = 2ca’ +H,0+2¢e, V) S 0.203V (D.2)
and

1 .- S RN + . - 0 _ 1 ,en.

3 Cl .+ 3H20 = 3 ClO3 + 2# +2e, V2 1745; Y | (D.3)
where Vi andkvg are the standard Gibbs electrode;poténtiéls. The redox
potential may be writtén;b

0 o o RT (c ++)2kc1;)1/3' '
e e o S Vi (0.4
o NI A
~ where quantities in parentheses refer to activities; At 25°C, and
using data from Pourbaix (Chapteré 14 aﬁd 20),104 we have (after
simplification): -
o . - (Cu++jz(c1')1/6~ | -

E = 1.248 - 0.1182pH - 0.0591 log . (volts) (D.5)

: , 10 -.1/6 : v
: (ClO3 )" A

The Gibbs free energy change, AF, for reaction (D.1) is related to the

redox potential, Eo; by the equation,

AF = -nFE° = -2FE° (D.6)
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-

At unit activities of Cu'', C17, and C10

3

‘the redox potential will
be positivéibelow a pH of 10.6. Under the same conditions; the free

energy chaﬁge will be negatiﬁe, and oxidation of'CuZO by 0103— is

thermodynamicaily feasible. -
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~ NOMENCLATURE

Symbol ‘ ; | Definitionvf
A . " electrode area (geometric)
A | Co the ‘quantity, (2a F/N )exp(-W/kT)-—used in kinetic model
B { " the quantity, a/kT--used in kinetic'model
C _ - capécitahcé | | |
D : diffusion coefficient
D ‘ the quantity, (F/Ke N )—-used in kinetic ‘model
Dy . hydraulic diameter (D =4 (cross’ section area)/(perimeter))
E  field strength '
E. - mean field strength - SRR
By  differential field stremgth
| Eﬁ | e megn field strength at oscilla;on‘peak
EF | Flade potential |
E, i ' vGibbg eléctrode'potentiél
F ‘ ' Faraday anstant.
I . cﬁrrenf dénsity
K dielectrié constant
L N electro&e iength in thebdirédtion of flow |
N  flwx
Na - v' _-.Avagadro's number
Nu :  7 Nussult number
M » atomic weight
R ‘ ‘radius of entrance tube in stagngtion point flow system

‘Re. ‘Reynolds number . .



film thicknéss at oscillation peakl

:
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3

quantity of reactant, i

Schmidt number
temperature

oscillation period length

oscillation period length at a reference current.

dehsity,'Io.

potential flow rate in stagnation point hydrodynamics.
average linear flow rate
electrostatic potehtialv

Standard state reduction potential -

‘potential drop through anode film.

charactefistic dimensién in masé’tfansfer éoriélations

potential energy_barrier fdr ién”migratioh in crystélline

lattice. |

weight

equivélent weight ' '

slope of double logarithmic plot of periéd agéiﬁst

current density | |

activation distance; half-width df energy barrier in

kinetic model. ' B o o : ‘
concentration of ionic charge carriers | |
mean concentration of ionic chgrge carriers
heat capacity at conétant pressure

density

plate>separation in parallel plate condensor
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current efficiency for metal rémovql.

pérmittivity'pf free space

- fraction of charge consumed in:the production of Cu

current
ion flux

forward and reverse ion flux

~ Boltzmann constant ,

eiedtricél éonducﬁiﬁity:
instaﬁtaheous,appa;ént valénceq.".
avefage'apparent valeﬂcé

current efficiency.

quantity of charge

- charge number‘on a mobile ion

rotating disk electrdde-radius-

electrodé_separation (in channél;flow systems)

time

transport number

- position variable in kihetic model

activities of reactants

valence

Nernst diffusion layer thickness

viscosity

‘standard state chemical potential

~
electrochemical potential
jump frequency

kinematic viscosity
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