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STOICHIOMETRY OF ANODIC COPPER DISSOLUTION

AT HIGH CURRENT DENSITIES

by
K. Kinoshita,i .
D. Landolt,it
R. H. Muller,
C. W. Tobias
Inorganic:Materials Research Division, Lawrence Radiation Laboratory and

Department of Chemical Engineering, University of California
Berkeley, California

ABSTRACT

.Thé.influence of current denSity, flow raté and electrolyte compo-
sitioﬁacﬂ the étoichiometry of anodic coppér dissolution was investigated
under éonditions comparabié to those of electrochemical machining. Weight
loss mégSurements, x-ray diffraction and chemical analysis were used for
the charaéterization of the dissolution reaction. A sharp change in
dissolution meéhanismtcéincidedfﬁith the transition from active to
traﬁspassive dissolution. 'Fér active dissolution, an apparent valence of
the diésolution.pfocess éf'two was found in sulfate and nitrate electro-

vlytes; and of one in chloride électrolytés. For transpassive dis-

'solution, mixed valences lying between 1 and 2 were found in all electro-

lytes.‘ The mixed valences are interpreted to result from the simultaneous

‘production of monovalent and divalent reaction products, some of which

are in solid form.
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: o Middletown, Connecticut 06hL57
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School of Engineering & Applied Science
Los Angeles, California 90024



=1-

INTRODUCTION

Anédié.dissolution of metals at current densities of up to several
hundred‘amperes per square centimeter, and with electrolyte flow velocities
of many meters per second is being carfied out on a technical sca%e in
the process of electrochemical machining (ECM). In an attempt té provide
quantitative information on the electrochemical'processes under high
curreﬁt densitiés,ithe anodic dissolution of coppér is being ihvestigated.l’g’3
Copper was_éhosen because its eléctrochemical propertiés are reasonably
well undefstood.u_8 In a previousxpaper,l the role of mass traﬁsfer.in
determining_fhe occurrence of passifation phenomena during copper dis-

solution'ih'Késgu and KNO, solutions has been reported. .It was found that

3
apparént anode‘potentials and surface ﬁexture§ resulting‘from dissolutioﬁ
chénged drastiéally whilenging_ffom a lOW‘Qoltage (active) to a high
voltage (transpassive) mode of dissolution.¥

In the present study, the-véiehce of the electrode reaction and the
compqsition of reaction products of copper have been investigated ih nitrate,
sulfate.énd chloride_électrdlytes. Weighf loss measurements ofvthe anode,
x;ray diffractioﬁ analysis of solids and chemical analysis of the solution
were uSed’for the chapacterization of the dissolution reaction. Current
densities:employed‘fahged_from 0.1 to 80_A/¢m2. Experiments were.perf5'
formed under forcéd coﬁvecfioﬁjdonditions in a flow channel at fiow rates

ffom 30-T700 cm/sec, as well as in unstirred solutions under free convection

conditions.

¥Different definitions for the phenomenon of passivation can be found in
the literature. The term is used here to describe an abrupt increase
in measured anode potential with time for certain combinations of flow
rate and.current density.(see e.g. Fig. 3).



EXPERIMENTAL

Moet experiments were carried out under forced convection conditions
in an exberimental flow system similar to that described in a previous
study,l and schematically shown in Fig. 1. The electrolyte was pumped by
a positire displacement pump¥* and the flow rate was measured with a rota-
meter.¥¥ _1/2 inch sfainless steel pipee were used througheut the system.

.A 30 cﬁ leng rectangular flow channel of 1 x 3 mm cross section, con-
structed of laminafed polyvinyl chloride, was positioned upstream of the
experimental cell to establish fuily deVeloped relocity profiles at the
electrodes}l The'eiectrolySisvcell is shown sehematically in Fig. 2.

The eelllbody.(B) was made of epoxy reein with'the two glass side Walls
(H) held together by plates (C). The cell was cqnnected.t04the iﬁlet‘and
outlet channel by end fianges (G); thical observation of the inter-
‘electrede gap cduld.be performed through the glass walls. Back-side
capillaries (K)_which enterrthe channel walls next to the electrodes-were
used fdr.electrode potential measurements“and,‘iﬁ some eiperiments, for
the sampling of solutioﬁ on the dowhstream side of the electrodes. .The
copper electrodes (D) (purity > 99.9%) had avgeometrical surface area of
3x 3 mm.»vThe electrodes could be advanced manually by turning micrbe
meter head (M). The electrode assembly was pushed back against inserﬁ
(F) by eprinﬁ (0). Siiicone'rebber gaskefs*** cast between-glass wali and

epoxy eell body were used for sealing the cell.

¥Constametric Pumps, Milton Roy Co., Philadelphia, Pa., U.S5. Varidrive
Motor, U. S. Electrical Motors, Inc., Los Angeles, Calif.

**¥Type 18410, Schutte and Koerting Co., Cornwall Heights, Pa.

***Encapsd;eﬁt 502 -RTV, Dow Corning Corp., Midland, Mich.



Measﬁréments of cell Voltégé, electfode pqtentials and current were
7 made simulténeously on a multi channel light beam oscillograph.¥
Eiectriéalipower connections to the cell were ﬁadé gy thréaded connections
screwed»into aluminum cap (E). Thé current waé.fecorded’by measuring the
voltage dfqp across a shunt; Anode and cathodevpotentials were measured
with respédt to saturated calomel reference electrodes, whicﬁ were:placed
in small gléss containers connected to the capiilaries.by fygon tubing. -
The eleétfélysis current was provided by an electroﬁically controlled
constant cﬁrrent supply . ¥¥. | |

Pfior tb eéch fun, the:electrbdes were groﬁnd on.6OQ grit emery papef,
':éna wasﬁédlwitﬁ aqueous détéfgéﬁt. Following a dip.in conCentratéd.H01,
they'Wefé rinéed.with distilléa water and.reaéent’gradé acetone, and
’ stored.in‘vacuum until ﬁsé; The electrédes wére'aligned with the channel
- wall by'uéing a microscope with 20x mégnification. During electrolysis;
fhe 1 mm electrode gap was'approximately maintainea by manual adjustment

of the micrometer.

¥ Series 2300, Brush Instrument Division, Cleveland, Ohio.
. **Type C618, Electronic Measurements Co., Eatontown, N. J. or Model KS

120-10M, Kepco Inc., Flushing, New York.
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.During.a ﬁjpical experimen%, 25 mg.of copper were.diééolved, which
Correspohdeq to an average depth of dissolution éf about 0.3 mm. After
each run, thé anode was removed from the cell; rinsed with water; dried
with acetoné and weighed on an analytical balancé.v The accuracy of the
weight lésé'determination is estimated at il—2%; fhe aﬁount bf charge
passed dufiﬁg thg experiment was détermined from the oscillographically
récordéd.current trace. Thé accuracy of the charge measurement. is |
estimated'at +2-3%.

From.the measﬁrement of charge and ﬁeight loés, aﬁ apparent valencé
- n of the dissbiutioﬁ:processawas calculated according to_éé; (1)
wheré‘I”is the,éurrent passed during'timé t,iM.is fhe‘atdmic weighﬁ of
copper, AW is thé anode wéight~l§és énd'F'ié the Faraday cdnstant.
Solid reaction prdducts forﬁed dﬁfing the'éhodic dissoluti&n;of

. copper wére analyzed by x-ray diffraction. Ini@ial analyses were méde
-using a 11.&6 mm Debye-=Scherrer powder camera mounted on an x-ray
diffraction unit.* Ni'filtered Cu radiation (40 kV, 20 Ma) was used.

vA éample of the anodic'reaction product from the flow cell was
collected by rubbing arglass_fiber through the pfecipitate adhéring.té
the wéf.éurfaéé. Diffracfipn.patferns obtained were, however, difficulﬁ"
to anaiyze because of the faintqesé éf the diffraction lines. Also,
» because.of the small samfles,_exposure tiﬁes fo fhe x~-ray beam from 6—12

" hours were necessary,

*Norelco X-Ray Diffraction Unit, Type 12045 with Debye-Scherrer Camera
Type 52056-0, Uorth American Philips Co., Inc., New York, V.V
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To prcvide a larger specimen, a continuous.éamﬁling techniqué was
developéd. An x-ray diffractometef* using a Ni filtered Cd.radiétioh
(L0 kv, ih mA) could then be used. Solution.éscaping through'the
(0.014 incﬁ.diameter) capillary on the downstreaﬁ-side of the anode was
collécfed on a Whatman No. 41 paper by continuous vacuum filtration.
Without'Waéhing, the.filter paper With adhering pfecipitate.was dried
uﬁder.vaéuum; mounted onﬁo‘a lucite sample holder using double—sidéd
adhesiﬁe tape, and placed into the diffractometer. A preliminary'x—fay
pattern bf the blank showed strong diffraction peaks’af low © vélues
which'did,‘howéver, not inferfere‘with the diffraction peaks of possible
Compogﬁds_éreséntvin the précipitatef |

In orderﬂtp.subéﬁantiafe:thé appafént valence determination carried
out under;forcéd éonvéction'conditions, some experiments were performed
in a stagnant electrolyte which allowed.qudntitative detefmination-of-
dissolved Cu+ and Cu2+ ions. S8ince Cu+ is uﬁstéble in aqueousisolutidn
unless.complexing agents are present, énly chloriﬁé electrolytes'wére

analyzedxthis way. The electrolysis was carried out in an H cell with

¥Picker X-Ray Corporation, Waite Manufacturing Division, Inc., Cleveland,
Ohio lLhile. ‘ ‘ '
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a glasé frit separating anode and cathode compartmenfs.2 In contrast to
the highiy diluted dissolution products obfained in the flow channel,
concentfatidns which can be determined by simple analytical technigques
could bé obﬁained in this system. The analytical.determination of Cu2+

and Cu+ was -based on that given by Vog_el.9 Cuprous ion was oxidized

"with fer?ic ammonium sulfate and the resulting férréusrioﬁ was titrated
.with ceric éﬁlféte. Thévcupric ion concentratién was obtéined as the
_differeﬁce Eétween total copper concentration and cuproﬁs iéh éoncentfation7
The total copper -concentration was determinéd iodométrigally after
oxidatiqn_of cuprous ioﬁ to éupric ion by sodium peroxide; o

. RESULTS .

Current-voltage‘behavior: Figure 3 illustfates_theftfaﬁsiént céll'.-

voltage behavior during galvanostatic copper dissolution in32‘N KNO3;

under a‘gi?en flow rate (30‘cm/sé¢.). At ioﬁ current‘denéiiy.(S.& A/cm2),
’thé.diSSOIﬁtion proceeds indefiﬁitely_in a low vdltagev<acti§é) mddé.v.y
Abéve a'cfitical éurrent density, which is.shiftea.té:highefvvaluégbby 
increaséd flow rates,-the'dissolution process switches to a high volfagé .
{transpassive) mode, éfter a transition time with active dissoiution;g>vw
The length.of the transition period aecreases with increasing‘Curfeﬁf:

, denéity'and décreasing flow rate (not shown). Figures b and 5:éf¢;u: f‘
éxamples of transient cell Voltage behavior with Kgsd;_énd KCl
.solutiohs.‘ In-éll’cases, dissolutioh in the transpassive:ﬁode occurs

at a celi-voltage which is 10-20 volts higher than in the active mode.
Voltage'fluctuationé are. observed in the transpassive regiOn and,vat

the higher curreht densities; é voltage maximum occufs before steady.ﬂ'

state is feached.



Apparent valence: Average steady state values of the cell voltage

and apparéht valence Vaiues are plotted versus current density in figures
6 to_8. The behavior in 2N KNO3 and 1N KéSOh solutions»is very similar.
With the‘tfansition from active to transpassive dissolution, a sharp

drop in apparent valence occurs. The épparent valencé vaiue of n =2
observéd‘in thé active region, indicates that copper .is dissolved almost
exclusivelj to diValent cuéric ions. This is consistent with
expectatiéné based on thermodynamic éonsiderations‘of the revérsible
poténtial of a copper electrode in éontaet witﬁ dissolved ﬁoho and
divalent doppér ions.8 In'the-traﬁspassive regiongon the other hand,

the appéreht valénpe depends on the value of the épplied cﬁr}eﬂt dénsity
'With respeét.to the. E qurrent density at which passivation occufs.

A limiting value of n = 1.5-1.6 is reached at high current densities.

In oraer té account for this Qéiuérof n, it either ﬂas to be aésumed that
part of.thé'copper is dissolved to a monovalent form,or that part bf-the metal
disihtegfﬁtés during the dissolution process. Since pﬁ might have an
influence in determining-fhe reaction path,8 additional:experiments were

performed in a 2N KNO, solution adjusted to pH 1 by the addition of

3

_concentrated nitric acid; and also in a 1N HQSOh solution. Voltage read-

ings and apparent valehces obtained in . both of these electrolytes corresponded
within experimental accuracy to those of the nitrate and sulfate sblutions,
respéctively. This indicates that, within‘the fange studied, pH has a
negligiﬁlé‘influence on apparent valehcé,of the dissolution process. As
illustiated by Fig. 8, the behavior in KClvéolutions was gquite different

from that in KN03 and Kgsou solutions. A sharp transition between active



and transpassive dissolution was absent. Instead, periodic fluctuations
occurred (indicated by dotted lines in figure 8) in the transition region.
Such oscillations in the copper/chloride system have also been reported

6,10

in the literature for low current density conditions, .Periodic

oscillationsvhaye also.been observed during high rate copper dissolﬁtion.
in Sulfaté'énd chibréte electrolytes, under certain conditions.l’g’3

The éppafeﬁt'valenée, in the case of chloride solution, is n = 1 at low
current densities._ A maximum of nn = 1.4 is obsérved at intermediate
current densities and the apparent.valence dréps ton ~ l}2yiﬁ the range
of high_current densities. While it appears that the obsérved_changes in
' appafént;vélencé ére related to the occurrence‘of‘paSSivation, the

. rélationghips éré not as. clear cut aé.in nitraté and sulfate solutiéns.
For,exémple, at the highestvflow ;a£ev(606 cm/sec), the maximﬁm‘value

of n was attained at muéh higher current density than that corresponding

to the active-passive transition derived from cell voltage measurements .

Analysis of solid reaction products: Anode precipitates were found

during transpassive dissolution only. X-ray analysis of precipitates

collected from experiments performed in KNO, and KQSOh solutions showed

3
CuQO to‘bé.the principal copper compound. Diffraction peaks for metallic
copper_we;e also present, invsoﬁe.experiments. The metallic copper
COntenfs ;f precipitates from acidified soiutions'was inéreased at the
expensé of the cuprous oxide contents (Tablé>I). No analysis of anodic

precipitates in chloride solution was possible, because precipitates

could not be collected in sufficient amounts. A typical diffraction



patternjéf anbde precipitafe is given in.Figure 9 togethér with patterns
of knowp_samples of Cu20 and CQ. Precipitates collected in the drain tank
showed a»different compositizn from those collectéd clos¢ to the anode.
They Contained bééic oxides of complex composition, oﬁing to contact with

the alkaline soluiion produced at the cathode.

Anaiysis of dissolved reaction products: Appareﬁt vaience determina-
tions in chloride;éolution were also carried out in a separatevcell under
absencevofiforcédgconvection. In these ekperimenté, Valqes of.appafent.
Qalence obtained‘frOm ﬁeight loss measurements could Be compared with those
obtained by chemical arnalysis of dissolved reaction products. CélcUlation.
of.the chemicailyjdetermined apparent valence n* was bgsedAon-eq. (2)

Cu > xcu’ +‘yCu2+ + n¥e o ' I - (2)
where-g_aﬁd ¥y are the ffactional amounts df cu’ or Cﬁ2+‘respectively;
Siﬁce,‘fro@ the méss Balance X + y = 1 and from.the charge balaﬁce
x + 2y:¥-n*, oﬁé”éets eq. (3) |

n* = 2 -x=1+y o | : , o (3)

Thé.results:given in Tablé IT illustrate the good égreement between
the valence detefmined by chemical‘analysis with that derived from weight
loss measﬁrements‘for a wide range of currentbdensities. In all cases a
mass balgnce could be established within 1—2%.‘ Changes in apparent
valen@e:With curfént density in chloride solutibhs;are therefore indeed
due to'different ratios of Cu+ and Cu2+ produced.  No oxygen”evolufion
was observed dprigg the experiments. The experiments also confirmed that
the anodic behavior, i.e. the occurrence‘of active and transpassive
dissolution, was eséentially the same in stagnant as in flowing solutions,
with the exception that passivation sets in at much lower current

densities in the absence of external convection.
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DISCUSSION

Nitrate and Sulfate Solutions: Two dissolution modes active and

transpassive, were found differing in overroltage and apparent valence of
oissoiution.L The transition between active and tranépassive’dissolution
depends on mass transfer conditions. Using the mass transfer correlations
. for channei flow diécﬁssed earlier,l the interfaciél concentration of
lionic dissolution §roduct at the onset of transpassive dissolution was
estimated from'thé passivation current donsity for different flow rates
and eleotrolytes.'.(A diffusion coefficient of_5 X 10—6 cm?/séc was assuneo
for'thisjoaloulafion.) A éomparisonvof the résults shown in Téble.IIIb
with solubilify data giren in Tabie IV indicatés_that the onset. of trans-
passive‘oiséolution ooincides, atvléast'qualitatively,fwith the-limiting
transport ofvdiséolved roaction.produoté by convectivé diffnSion. This
snbstantiates'tne vélidity of preriodé roéultsl:which wero‘obtainod in a
different flow’systém,vmostiy at higher ourrent.denSities and flow'rates.
In édditidn, it‘was'foﬁnd hore tha£ paséivation‘current densitios in .
1N Hd SOh were esentlally the same as in l N K SOb . This suggests that
llmltatlons in the transport of cupric salt, rather than the formation of
oxide or hydrox1de? initiates tho change to transpassive dlssolutron.

The present sfudy also demonstrates that the transition between .
active and transpassive diséolntion’is associatod with a drastic changé in
ourrent efficiency for the notalvremoval process, with more copper being |
dissoived for a given amount of charge in the tranopassive region. A
mechanism‘involving the forméinn of monovalent copper species at the
anode, éspecially‘cuprous oxide, rather than anodic disintegration by
grain boundary'attockll’lg, seems -to be the cause for the apparent

increase in current efficiency. The above conclusion, although it can
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not. be rigialy proven‘on the grounds‘of our reSults, is‘supported by

the féllowiné experimenfal observations: (1) Cuprous oxide has been fouhd
to be thé:ﬁéin constituent of anodic films. (2) Substantial amounts of
metallic éoppef were observed in the x-ray patterns in acidic solutions

only, consistent with the fact that Cu.0 dispropertionates in these

2
. ; 2+ v . : :
solutions into Cu and Cu. (3) No grain boundary attack was observed
vmiCroscopically in the transpassive region. Instead, the surfaces after
transpasSive dissolution had a shiny appearance and were almost randomly

1,2 " (4) At least in the case of chloride solutions, the presence

pittéd.

of cupréus ioh could be quantiﬁafiyély verified. Al} ﬁhese factors

in&iéatevthat?fdisintegrétion mechanism, which has beeﬁ>pr§§osed pfiharily

for more reéétiVé metaié'(béfyllium, magnesium, cadﬁium,.Zinc) at low cﬁrfent

deﬂsitié513_16, is ﬁot likeiy to be‘df importance in thé present aﬁodi¢ v
diésolutiohvprocess;v' |

MéaSured apparent vélences tended fo reaéh a constant limiting value

at high current densifies. Novsatisfactory explénation for this
phénameﬁdh_cah be éiven ét the‘présent time._ From.a purely kinetic point
of viéﬁ'We'would expect a contiﬁuous variation of ﬁ with current density.
A possibie explanation of the observed constancy of n may, perhaps, be
souéht_iﬁ_a.quel vigwing_thevsurface as an ensemble of small surface -

' area'eléméﬁfs.£andomly fiuctuatiﬁg between active and passive states.
Such active-passive fluctuations;.which are most pronounced in.chlorate

s

electrolytes , -are presently being studied in this laboratory.

Chloride Solutions:' The dissolution_behavior in chloride electro-
lytes is different because the monovalent ionié state becomes thermo- -

dynamicglly more favorable than the divalent state due to the formation

17,18

. - - . . . + '
of cuprous ion complexes Thus, disproportionation of Cu ,.which
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usnally occnrs.in agueous solutions is avoided. Since a variety of
differentgcomplexes may be formed, depending en tne local ehloride
concentration, the dissolution process in chloride solutions is expected

to be much more complicated than in nitrate and sulfate'solutions. For
example; due to the effect of chloride concentration on the solubility

of cuprous ion, the formation of precipitate layers depends not oniy_on
thevraterof departure of cations from the interface, but also on the rate
of arival of anions. In addition to the masevtransport of»the:dis;”
solution product, the mass transport of chloride ion may therefore become.
a limiting factor, Since cnloride ions are consumed at the-anqde by'eomplex
_formatiqn.ﬁfsuch;a mechanism has, for example, been reported bvaandsberg
et'al;19 for the dissoiution df'gold in HCl. During the.course Qf.
stoichiometric determinations in stagnant eOlution,‘a number‘ofbtransitent
measurements were performed in 3N>KCi selutiens at cdnstant current
vdensity} Table V summarizes the tranéition times determined for the

onset dfetranspaseive behavior. In spite of that tne geometricai
arrangement was not %deal to completely excludefree‘conveetion, the
applicatien'of Sand's equation isujustified because of the short times A
involved. From the average‘measured quantity.i\ﬁj-a value for AC, the rate

limiting concentration difference, was calculated according to eq. (k)

2 dvT '
AC = < 2¥T o :
¢ n Fv1D . o (4)
. _ -6 2 .
assuming D = 5 x 10 em /sec and n = 1. The resulting value of AC =

3.6 mole/liter_is similar in magnitude to the solubility of CuCl

~in 3N KC1, (1.9 mole/literl7). This indicates that, under the conditions of
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these ekperiments; passivation may have‘been caused by a similar‘precipitation
mechanism aé'in nitfate'and sulfate solutions.

ThéAincrease in apparent valence n upon passivation (Figure 8) is con-
sistent'with the fact that at higher anode poteﬁtials, the reaction Cu - Cu2+
'becomes thefmodfnamically possible. Ko true anode potential meaéureﬁehts
were pOééible;undér,the conditions of this study; therefore, a diécussion
has to rémain-qualitatiQé. The subsequen£ deérease in n atvétill.higher
currenﬁ densities may then be explained by aséuming formétion'of CuEO, as
observed:in.the case‘df nitrate and sulfate solutions; The oozing of a
reddiéh bro%h; finely‘disperSéd dissolution product frém localized anode
'areés ﬁhichiéhéﬁged'their positionsidurihg electrolysis was observed
visuall&viﬁvétagnant‘KClvsolutions in the tfanspaééi?e region.é Thisv
solid migﬁt hd&e beénvCuQO but'it ﬁas not possible‘té céllect the precipitatg
‘due to its'Chémical instability in the chlo:ide electrolyté. The formatidn
of cuproﬁé»oxidé during cobbér dissolutién in chldride media hés also been

reported:in the literature.eo_gB

The formation of a thin cuprous chloride
film during tranépassive dissolution in chloride solution was indicated

by the white appearance of thevsurface;

SUMMARY AND CONCLUSIONS
lgv The presenf stﬁay has éénfirﬁed earlier findingsl'obtained un@er
differgnt éxperimental conditions that in nitrate and sulfate electro-
hlytes, thé transition from acfive.to transpasSi?é dissolution of copper is
controlléd by the mass transfer of dissolved dissolution products.
2. Although»the details of copper dissolution in chloride solution
are probably different from those in nitrate and sulfate, the gross

current-voltage behavior. is similar. Ionic mass transfer limitations
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seem,.théfefore, to be the dominating facter detérmining the onset of
passivation in chloride solutions, t00. |
3ﬂ The apparent Qalence of the dissolution:pr0cesé gndergoes:e

noticeable change with the transition from actife to tfanspassive
dissolution. 1In nitratepand_eulfate solutions, éctive dissolﬁtion'ﬁro_
ceeds with an epparent valence of 2. Transpaseive dissolution leads to
a lower apparent Valence, which reaches a-limiting:value of 1.6 at high
current densities. This drop in'apparent valence is interpreted to be .
caused by the anodic prodﬁction of'monovalent copper species, rather than
by anodic disintegration.' |

. haf‘Abtive‘dissolution in chloride solution occurs with an apparent

valence of one. This'is due to the staﬁilization of cﬁproué ion by complex

formation. Upon passivation fhe\abparent valehce increases, going through

a maximm of 1.4 with increasing current density before reaching a limit-

ing value of 1.2. This‘incfease:in apparent valence upon passivation is

due to pert of the copper'being dissolved in divélént form.

Sg.'No significant oxyéeﬁ.evolﬁtion oecurred dufing copper dissolution
under'ali'the experiﬁental conditions employed.'

6. The formation of soiid anodic dissolution products during trans-
_passive_dissolution has been demenstrated in agreement with earlier optical
‘observations. Analysis of fhe'precipifétes b& X-ray diffraction-has
" shown CuéO to be the main cqnstituenf produced. in potassium nitrate and
sulfate.solutione. Metallic eopper, resulting frem disproportionation of
Cu O; is found in acidified solutions. In chloride solutions.optical

2

observation indicated the formation of cuprous chloride films.

This work was done under the auspices of the U, S, Atomic Energy

Commission,
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Table I. X-ray analysis of anode solid reaction products,

Electrolyte ' Compounds Identified
2N KNO3 ‘ » Cu20, Cu

2N KNo3 + HNO3(pH 1) Cu

WKS0), Cu0, Cu

1N HQSOu : . Cu
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Table II. . Chemical Analysis of Dissolved Reaction Products in 3N KC1

Solution After Passage of 60 coul, anode area 1 em®.

Current ' Valence from

‘Density. ' : dissolved Cu =~ Valence from
amp/cm ) : and Cutt ' weight loss
0.05 . 1.00 ©1.00
0.10 1.19 : 1,15
0.13 . ' 1.21 "-' 1.28.
0.16 | .1.27 _}. - 1.31
0.21 - 1.28 - N ..,:-1-30
‘,0.26 A o 1.é6' f ' ' '_" . 1.28
0.51 . ivzé  | - i.2o _
0.82 | 19 1.20
‘100 - 1.13 | 1.10
1.31 o 1.1k | . 1.16
1.58 : . | 1100 1.08
1.87 - 7 1.08 ' 1,06

1.98 ' 1,07 ' 1.07




o

Table ITI. Calculated interfacial concentration of copper salts at onset

of transpassive dissolution.

Passivation

: Flow Velociﬁy Reynolds Current density Inteffac. Conc.

Electrolyte (em/sec) number (amp/cmg) . (ﬁqles/l)
2 Knog 30 - 510 3.8 k.5
200 - 3390 8.5 4.6
627 10600 31.0 o 8.5
INjKQSQ;' o 50 30 1.5 1.
- 200 2920 h.a v 2.2

| 686 10000 8.5 22
1N ﬁésou v‘ = 50 770 36 B 3
200 3090 -
686 10600 EET I 3.0
éN_kCl 50 820 oo 0.8
o | 200 - 3270 1.2 ' | 1.2

606 10000 2.5 ‘ v 1.2
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Table IV. Solubilities of copper salts at room temperature,

Salt Solvent Sclubility Reference
: (moles/1) :
Cupric nitrate H,0 - 7.0 -
Cupric sulfate . fH2O v 1.4 2k
| 1N H,S0, 11 s
Cuprous chloride 2N KC1 ' ‘ .0 ‘ 17,18

© 3N KC1 | 1.9 . 17,18
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Table V.v.Transition Times T for Copper Dissolution at different Current

Densities i in 3N KC1 without External Convection.

i T

(amg/cm2) ‘ _ (seconds) | — 1ﬁi?
010 390 0.62
0.16 | .60 . 0.56
.0.21 , | v 9;20 E - 0.69
0.26 . 5.63 o o2
16.51 S 1.85 k 0.70
0.82 - : '; . 0.65 0.68
1.00 g o8 0.69
‘i;31' ' ' 6.28 o | 0.69

- 1.58 | - 0.20 I 0.70
1.87 0.16 | 0.75




Fig. 1.

ASchematic of flow system., A - supply tank, B - dual piston pump,

length of flow channel, G - reference electrodes, H - cathode,

-0

FIGURE CAPTIONS

C - accumulator, D - bypass line, E - Rotameter, F - entrance
' ' B

"I - anode, J -~ capillary for precipitate collection, K - drain

':tank.

Fig. 2.
Fig. k.
Fig. 5.
Fig. 6.

Fig. T.

_Variation of apparent valence and cell voltage with current

Side view of experimental cell with partial cross-sectioning.

A - rectangﬁlar flow channel, B —.epoxy cell body, C - stainless

steel side plate; D - copper electrode, E - aluminum cap, F -

nylon screw;'G.— stainless steel end flange, H - glass side

‘window, I - bolt ahd.nut~a§sembly, J - O-ring seal, K - liquid

junction'connection to backside capillaries, L - aluminum
micrometer holder,lM_— micrometer head, N - aluminum base plate, -
0 - coil spring.

Celibvoltage transients measured in 2N KNO, at different current

» 3
densities .- - . ., flow rate 30 cm/sec.
Cell voltage transients measured in 1 N KstLL at different
current densities, flow rate 50 cm/sec.

Cell vbltagé.transients measured in 2N KC1l at different current

densities, flow rate 50 cm/sec.

density in 2N KNO3

A = 200 cm/sec, O = 627 cm/sec.

for different flow rates: O = 30 cm/sec,

Variation of apparent valence and cell voltage with current

:density in 1 N Kgsoh for different flow rates: 0 = 50 cm/sec,

A = 200 cm/sec, I = 686 cm/sec.



Fig. 8.

Fig. 9.

" known samples of Cu

-23=

‘Variation of apparent valence and cell valtage with current

density in 2N KC1 for different flow rates: 0 = 50 cm/sec,

A #:200 cm/sec, 2= 606 cm/sec.

X-Ray diffractometer trace of anode precipitate (b) compared to

0 (a) and Cu (c). Anode precipitate obtained

&t 11.1 amp/cn® and 50 cm/sec in LN K80, .
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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