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| ANODE POTENTIALS IN HIGH RATE DISSOLUTION OF COPPER
. i " . . * N . N
- . D. Landolt, R. H. Muller, and C. W. Tobias
Incrganic Materlals Research D1v1s1on, Lawrence Radiation Laboratory,

- and Department of Chemical Englneerlng,
University of California, Berkeley, California

ABSTRACT

A constantlcurrent interrupter technique was employed in the experi- -
mental determination of anoée potentials during high rate anodicv
dissolution éf copper. The influence of ohmic voltage drops in the
solﬁtion-on measured_overvoltage havevbeen compenSated'by electronic
means. :For_short electfolysis times, dissolution‘proceeds in the active
mode; in sulfuric acid, Tafel behavior was observed up to the highest
current aensities employed (100 A/cmz).» Pa#éi&ation effects may lead

to significantly higher anodic potentials.

* School of Engineering and Applied Sc1ence, University of California,

Los Angeles, Calif. 9002k,
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INTRODUCTION

In electrochemical machining (ECM), metals are.diﬁsolved anodically
at current dénsities of many amperes pef square centimeter. In,order to
get a bettér'ﬁnderstanding of electrochemical facfors governinglmetal disf
solution;proceeding at such high rates, meaningful anode potential measure-
ments aré nééded. Potential measurements pérforméd at high curfent densities
with rapidiy dissoiving anodes pose_many-prdblems,l and anode potentiél
data reported for technical ECM conditions appeaf to be of guestionable

253 The anodic dissolution of copper has been chosen in this

1,6,7,8

value.
laboratory fbr the study of some fundamental aspects of ECM. vFor
high £ate anodic dissolution of copper, abrupt potential chaﬁgeé of many
~volts hé&e been found,coinciding with a change from an active to a
‘transpaséive dissblution mode.l Howe#er,the experimentdl techniqueé
employéd:did not allow for the subtraction of ohmic voitage drops from fhe
éotential‘ﬁalﬁés meésufed( .Electrode potenﬁial data obtaihed af.low
currenﬁ.dehéities have beén extrapolated by Hoare'eﬁ al. to predict high
currént'density béhavior of ECM eléctrolytes.h’s In view éf meny

unknowﬁs inhérenf in ECM it appeared desiréble, however, to deﬁelop
éxperiméntal procedures which allow direct potenfial measurements over

a wide range of current densities. In the presént»paper, a galvanostatic . -
interrupter_téchnique is described which was applied to ﬁhe determinatioﬁ’
of anode potentials prevailing under conditions of‘ﬁigh rgte dissolﬁtion"
of copﬁer in sulfate electrolytes.v Experiménts.wére performed. under fréef

as well as under forced convection conditions.-

. Experimental

Two cell types were employed, éach_assuring fast electrical response

through low capacitance, and careful exclusion of ground loops. Cell I
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(rig. l).was of cylindrical geometry, thus providing for éven current
distribution. quexternal convection was employed. A 10 ﬁil dia 6.3 mm
long 99999 copper wire served as anode, providing a éurface area of 5 mmg.
Since;due to dissolution;considerable loss of diaméter‘resultéd during
expefiments, iﬁ was necessary to replace the anodé freqﬁently. This was |
accomplished;by simply advancing the continuous wire (A) by approximgtely.
1/2 inch. During éxperiments, the anode wés sealed by two Teflon
compressible inserts (E) which were held tight by mééns of nylon screws (G).
~ The anodetwas surrounded by a circular counter electrodé made of copper:
The #hole interelectrode space was filled with liquid. Holes drilled in
the cell\cévér (H) near the cathodé pfovided fof escape of cathodicéliy
evolved gés.' The reference electrode (C), made of copper, was connected ;
to the cell compartment by capillarva,'positiohéd at a distancé of 2k mmv:‘
- from ﬁhé center. The cylindriéal geometry of the_cell allowed one to |
calcuiafe the ohmic voltage drop Betweén capillary and anode,"No provisibn
for exciuding oxygen was‘made;sinéé at the high currént densities emplojed»
here,its‘effect on the dissolution kinetics was cdnsidered neéligible. vOan
the other hand, the presence of oxygen might influence the potential of{'
the reference electrode by establishing a mixed potential. Numerical
éstimation.shOWed, however, that this effect was aiways much smaller thaﬁJ:
10 mV and,hence,couid be neglected within the'accurécy of the presént
‘study. Before insertion in the cell, the copper electrodes were clegned
in nitric acid and rinsed with distilled water. Se#eral short anodic
current pulses were applied before the start of measurements.

Cell II (Fig. 2) was a rectangular flow channel (D) through which

the electrolyte was moved by means of avpiston pumpx(C). A Teflon
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piston wa$ advanéed at constant, preset rate in a_PVCiéylinder, sweeping
out a volume of koo cc. At the end of eaeh stroke, the motioh of the
piston was stopped by means of microswitches. The direction of rotation 1_
of the motor was then reversed to rFfill the cylinder with electrolyte.
An electfolyfe reservoir of 2 liter was'employed. Excépt for.fhé elec-
trodes, no métal parts_ﬁeré in'contact.with the solution. |

The 0.5 x 3 .mm cépper anode was cast into epoxy, and its short length
was positioned parallel to the flow direction. A cépper_counter electrodé
of the_same surface area was uééd; The distance bétwéen anode and.
cafhbde‘was 0.5 mm, fixed by the thiéknesé of a Teflon spacer into which
a.3 mm wide slot, the flow channel,lwas cut. The celluwas sealed by;
pressing the flat anode epoxy cast against the Teflon spacer'by ﬁeané of.‘,
'} knurled screvs. | | | |

Linéar flow velocities af the electrodes)up to lO“meteré per sééoﬁd’ﬁere
used, 1‘¢orrespondihg to a minimum discharge time of the pump of 25 sec. |
In order to reach such high velocities without requiring excessive-inletaﬁ
pressufeé, ﬁhe distance between cell inlet and anodé was kept short (1.5 éh)f
: Thus,.the hyarodynamic conditions in the present cell were not_as well .

b

defined‘as those in previous experiments. In the present study,»usingf
transient techniques, it was considered more important, howe?ef, to

achieve a compact design which aliowed one to‘keep_electrical‘cbnnectibpé}

to the cell short, and which made it ppssible tqlavoid ahy metaliic

contact, other than the_electfodes,with the electrolyte solution,_ In

addition, the present design permitted the achievement of high flow veloéifieé

at the electrodes without requiring large electrolyte'volumes. A copper

referénce electrode was located in the cel1-wal1 upstream from the cathode.
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All experiments were carried out at room temperatﬁre.

A galvanostatic pulse method was chosen for this study because it
offers the'mbst convenient technique for the elimination of large ohmic
voltage dfops inherent in high‘current density potential measufements.

The electrical circuit is.given schematiéally in Fig. 3. Currént»was'
drawn fromla ﬁulse generafor* capable of providing sQuare~pulses of wup

to 100 V6itsnand-2 amperes with rise time < 15 nanosecondé.. Pulse duration
was - varied between 10 usec_and 10 ﬁillisecqndé. 'Constant current through
the cell w55 established by means of a series resistance (P). The current.
was ﬁeasured in each experiment over a 5 ereéistance (M’, and displgyed

on a dual beam oscilloscope.¥*¥ |

Two types of potentiai measurements were peffbrﬁed. On- one hand,
the overall behavior of potential transients'was deferminéd on a milli-
second ﬁime scaie. These experiméﬁts yieided infofmatioﬁ‘bn relafive 
potential changes associated Vith passivation phenomena. On the other |
hand, pdtential décay-upon sﬁitching off the current was measured on a
microéecénd time’scale.. These experiments allowed for estimates éf the‘ﬁ@h‘
ohmic part of énode potentials in bﬁth the active apd transpassive
dissolution mode. Electronic compensation of ohﬁic voltage drops between '
capiliarj.and anode surface was necessary in these experiments. This wés :
achieved by means of variable gain preamplifier (E), the output signal of
which was subtracted from the output signal of amplifier (F) connected‘to

the reference electrode (R). A commercial amplifier unit**¥* was used in

¥  Model 21L4A Hewlett Packard
%% Model 555 Dual Beam Tectronix
¥¥%¥ Model 1Al Tectronix
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this procedure. The différence signal was displayed on the dual beam
oscilloscopeltogether Withrthe current signal and recorded on Polaroid
film, ‘Among_several compensation procedures_invéstigated, tﬁe following
was foﬁnd ﬁo give most satisfactory results. Low cﬁrrent'density pulses?
typically iﬁ the order of 20 mA/cmg, were applied to the cellvin.order to
determine‘the ohmic resistance between éapillary and anode. Doubie layer
charging was sufficiently éloﬁ under these conditiéné'to allowkfor easy
separatioh bf the ohmic:and.the non;ohmic part.of the:chafging.ﬁfansient.
- The cell was then disconnected and replaced by an ohmic resistance of
accurately known value, usually lower than thé.measﬁred resistance
between capillary and anode.. The gain.ofvampiifier (E) was adjusted fo
provide qupensation equal to the value of the inserted resistance. Thev3
cell was then reconnected for the experiment while keeping the gain‘of
(E) to fhe‘adjuéted‘value. The use of a fixed compensating resistance
of well known Valueytogethér with variable amplifier gain,allowed for
frequént ﬁnd easy recheck of the accuracy of compensation. ‘Partial,
rather thah.full,compensation of the ohmic electrolyte résistance wés
used in order to avold saturation of the differential amplifief. The :
uncompensatéd part of the ohmic electrolyte resistance was subtracted
from the deqay fransiént in a conventional ﬁay..

ACTIVE DISSOLUTION

At high flow rates or very short ex@erimental‘times, copper dissolves
anodically in sulfate solutions in the active di_ssolutionvmode.l Exper-
iments were performed'hére to investigate the validity of extrapolating

Tafel behavior found at low current denéities9'to high currents. For
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this purpose, anode potentials as a function of current density were
determined from decay transients. The length of the'applied current
‘pulse was kebt short enough to avoid any significant influence of‘ l
concentration polarization effects on the énode potentials measﬁfed. On
the éther'hand, pulse lengths were long enough to completely Charge'the'
electrical double layer. Depending on current density, pulse duréfion was
betWeeﬁ 10 usec and several ﬁilliseconds.

Resulfs obtained in cell I with a 1 molar sulfufic acid solutipn
éontaining O.l mole per liter copper sﬁlfate aré giveh in Figf L, Withinrr
the accuracy of the measﬁréments, Tafel behavior 1s observed up.fo the
highésf currént density studied (39 A/ng). The accuracy of the data at
high current densities is limited mainly by two factors: the IR drop in,
the solution, and the rate qf double layer diséharge. The influenéé of .
the latter may be estimated by setting for the rate of changé df over-

voltage N after current switch off.

a%-—-a— ' (1)
with i_ = Faradaic current density (negative quantity), C = double layer

F

capacitance. For constant C the solution of equation (1) becomes

2.3 it) 1 ’ (2)

Ngmp = N = b log (1+ =57

where 1 = applied current,dehsity (negative quantity).
Due to limitations in the frequency response of the ampiifiers,
N, cannot be determined experimentally exactly at t=0. One_expects,

therefore, that measured n Qalues are lower than the true overvoltage

prevailing at current switch off. The possible magnitude of this error
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was estiﬁéted‘by inserting typical numerical valueé into équation (2).[
From oscilicécoﬁe traces, it was estimﬁted that ih'present expefiments,
potentiél readings were possible within at least 0.5 psec aftér switch
off. Decay traces suggested that a reésonable value for C wés-SO ﬁF/cm2*.
The-vaiue of b was determined from Fig. U4 to be 40 mV. With these num-

erical values, one calculates n =21 mV at L A/cm? or

t=0 = "t=0.5usec
55 mV at 4o A/Cmg. The resulting uncertaintyvin potential measurements
is indicated in Fig. b by the dotted line.

Large ohmic voltage dropé exist betweén capillary and anode as
iliustrated by Fig. 5 in which measured IR drops-énd anbde potentiéls
for the.experiments of‘Fig. L are plotted on a linear.scale. At the
highest. current density of 39 A/cm?,the ohmic voltage drop is approximately.
28 times iarger than the actual anode potentiél;b From the measured .  ;

slopé,one-pa;culates & conductivity of 0.364 o ten

at QﬁOC, in good
égreemeanifh the value one obtains at 25°C by using the - |

estimation formula given by Hsue™" 0.379 g tem™t for 25°C. By employing
optimum cbmpensation conditions as described abdfe, it was estimated that
the value'Qf the non-ohmic decay potential could be measurgd to % i% of
the IR drop correspondinglto the current density of the measurements.

Thé resulting uncertainty in measured anbde pdtentials is iﬁdicated by

the dashed line in Fig. 4, A least square fit of the measured points inl,f
Fig.vh'yiélded a Tafel slope of_hO mV, cpiﬁciding'with the Valué>reportedf
? fof’coppér dissolution in highly purifiéd sulfurié 

acid electrolytes at low current densities under exclusion of oxygen.

¥ Experimentdlly determined C values showed large scattering and the value -
given has to be regarded as an order of magnitude estimate only. '
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Tafel parameters for anodic copper dissolution in sulfuric acid as well
as values frdm the literature are summarized in Table TI. Preéent results
extend the previously reported Tafel fegion to higher current densities
by two orders of magnitude. . | |

At high.current densities,ﬁnCertainties associated with fast’double
layer discharge and ohmic compensation become increasingly more important.
The indicated Tafel behavior up to LO A/cm2 has, therefore, to be |
considered as an approximation rather tﬁan an exaét represeﬁtétionvof
real béhavior.‘ Indeed, a deviation from the given Tafei slopé of Lo mV
at high enough current_density is to be expected if éhe'tﬁo step_charge
transfef mechanism suggested by Mattson and‘Bockris prevails: .

fast

Cu T Cut + e (1)

slow
cut 2 Cu2+ + e (11)

The spécieé Cu+ is considéred adsorbed on the surface; its surface‘con—; '
centration dependiné on potential. .Assuming no loss of Cu+ due t§
‘diffusion,the current for such a two step charge transfer prOcéss can be ©
expréssedl? by |

exp[-(a, + ag)fn] - expl(2 — @1.—,a2)fn]' :
i=2 — A — - (3)
i—o—i exp[(1 - ocz)fn] + -lze— exp (—Ollfn)

oy and o, afe the charge transfer coefficients for steps I and II, iOl and

102 are the respective exchange current densities. Following'the assump-

tion usually made, one may set o) = 0, = a’'= 0.5. For the case of

i >> 1

o1 and intermediate overvoltage N ,the first terms in_fhe numerator

02

and denominator can be neglected and equation (3) reduces to

i=-21. exp (2 - a) (1 << > 1n 7950 ()
v 02 n oo v
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This equation predicts a Tafel slope of 39 mV. At high values of n,the -

limiting value of equation (3) is

i -2i,, exp (1 -a) fm - (fn - ¥) | ‘x(é)

corresponding to a Tafel slope of 118 mV. Since we do not know the value

of i no quantitative test of the above relationships is possible. A

012
slight deViation from the slope of 40 mV consistent with the prediction
of equation (4), cannot be excluded at the highest current density but
the measured results seem to fit equation (4) much better then equatioh
(5). No further mechanistic interpretation of results is jusﬁifiable
here.

Flow‘channel cells have been used preriously for studying high

1,6,7,8 Their

rate metal:dissolution under forced convection conditions.
advantége lies in the control of mass transfer and temperature effects.

vOn the other hand, current disfribution is inhomogeneoﬁs in such cells.

To investigete experimentally the error thaﬁ might be introduced in
potentiel measurements performed under non-ideal current distribution
conditions,the same experiments‘deseribed above ﬁere performed with v

Cell II, the geometry of which resembled that of previeusly used flow
channel cells.* Results comparable to fhose given in Fig. L are indicated
.in Fig. 8. The least square fit yieided a slope of 50 mV which is someeze
what higher than the 40 mV obtained with cell Ivhaving cylindrical . |
geonmetry. ~The scattering of data did not allow a qﬁantitative analysis

of this difference. Some qualitative comments may be appropriate, however.

“Upon current switch-off, two discharge processes may proceed now. Aside

¥ Since experimental times were kept short in the present experlments,
convection did not influence these results
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from the Faradaic current, a current may flow in the solution between
differently charged regions of the double layer. The second effect will
be larger when the current Qistribution is mofe non-uniform. In the case
of Tafel kinétics and in the absence of concentration polarizatibn;ifhe
uniformity of curfentvdistribution is characterized by the magnitudg of
the paraﬁeter K = %?{, whére 2 is a charactefistic length, i tﬁé current
density, K fhe electroiyté conductivity andib ﬂhg Tafel slope. Primary
current aistribution prevails fgr K <<Il, secondary cufrént distribution

for X >> 1. In our case K = 0.38 Q—lcmfl

, 4 = O.s mn, b = 40 mV. One

may, therefore,assume primary current diétribﬁtion fbij 0.1l oriz 3A-/cm2
and secondéry current distribution for K 2 10 ér i< 36 mA/cﬁg. In the
intermediate regién,a grédual change from seconaary to primary currénp
‘distribution occurs with-increasing éﬁrrent, i.e. the current density at
the edge of the‘électrode wiil increase more than the avefage current
density; The ohmic'part.éf the measﬁred deéay transient, on the other

hand, ié iﬁdépendent of current distribution.lhThéfefore, in the.intermediété
'region 0.1 <K < lO,bne would expect that thevméasured non—qhmic part of. 
the anode potential incr;aées faster with current density than éorresponding
to the‘true Tafel slope.v This is quaiitatively consistent with the |
observed behavior of Fig. 6. It apﬁears that,in the case of active

copper diséolution in acid sulfate SOIutions, the anodic behavior at

high current densities can be described adeguately by extrapolating

Tafel kinetics wvalid for low'current density. For many electrochemical

machining purposes, possible inaccuracies in anodic overvoltage measure-

ments resulting from a non-uniform current distribution can'be_neglected.



11— UC3L—19616'

TRANSPASSIVE‘DISSOLUTION

At sﬁfficiently high current densities andblpnger ékﬁerimentalvfimeé,
solid énodic.layers may be formed which lead to a sharp rise in measured
anode potentials. The behévior is illustrated by Fig. 7; trace a. Thé
measuremént was performed in cell II at é flow velocity of 140 cm/sec and-
é currentvdeﬁsify of 77 A/cmg}- Thé electfolyte wdé 1M H2 SOh + 0.1M Cu‘SOh;
no IR compenéation was employed. An increase in oVerall'meésured anode v
potential by 25 VOlts'takes‘plaéé 1 msec after start of the galvanostati¢
run.* Tt has been shown previously that dissolution in the high voltage
mode‘proceeds with different stoichiometry7 and iéads to a different
surface texture,l The transition between the two dissolution méchanisﬁs,
active and transpassive,‘is mass tfansfervcontrolled.l In fhe_presenf
study, expérimenté ﬁefe performed éimed at further characterizing the
currenf voltage behavior of copper ancdes dissolving in thé transpassive', 
modé.'.This inciudéd the study of the influence.of flow. rate and of
currenf density on the measured voltaée rise and the ﬁeaéurement of
decay potentialsvin the tranépassive region.' |

Opfigal observation of aﬁodically dissolving coﬁper electrodes iﬁ
acidic‘sulfate solutions suggested that relatively thick loosely édherent'
oxidé layers are formed'upoh passiv&fidn.s One Wduid.expeqt that their

thickness and, hencé, thelr effect 6n measured overall anode potential

would strongly depend on the prevailing‘hydrodynamic‘conditioﬁs; at high. '

¥ Potential time transients of the type given exhibit a maximum before
steady state is reached. This. does. not show here because .of the short
pulse length employed. The indicated voltage increase upon layer form-
ation is therefore larger than the steady state voltage difference across
the layer.
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flow velocities, the loosely adherent deposits would be washed away

from the anodes much more easily, and the extent of the voltage rise

upon passivation ought to be reduced. Figure 8 giyes five superimposed
transients measured at 89 A/cm2 with flow rates ranging from.65.t§ 1000
em/sec, .Qﬁalitatively,vthe expeﬁtéd decréase in.meaéﬁred voltagé with
increasing flow raté is indéed observed, but the effect is small; for
examplé, the difference between initial-voitage (Whichirépfesents mostly
the'IRldrop in the solufioﬁ)-and.méximﬁmbfpltage ig AE #‘26 voits at

65 cm/sec.and AE = 23 volts at 1000 cﬁ/sec. This indidates that thé;
observed &oltage increase is caused by a tightly adherént layer rather
than by the loosely adherent éolids observed visually. A simple numerical
estimation supports this argument . Figﬁre 8 shows a 25 voltvpotential
increase téking place within a.tiﬁe interval of approiimately 2 msec
during which é charge of 15k m coﬁlom'b/cm2 is paééed. Tﬁe maximum possible
vo}umé of Solid material forméd during this time'ﬁeriod, is‘dbfained by
assuming cuprous oxide formation at 100% éurreﬁt efficiency. For a bulk -
density-of.Cugo of 6.0 g/cmS,the maximum poSsibie ﬁhickness of a non-
porous layer is dn=3.8><'10_5 cm. For the thickness dp.of a porous layer
one may write dp=dn/(l—6), where the porosity B is defiped by the ratio‘
of the poré'volume to the total volume. In the.simplest model, one may
assume that all ionic conduction occﬁrs,thrbﬁgh the electrolyte within

the pores and the conductivity is givén by.ﬂhﬂbe, where ﬂb is the elec-
trolyte conductivity. The ohmic voltage. difference across the layer'then
becomes"

id
n

AR = Caee) (6)



13- S UCRL-19616

-1 for theﬁelectrolyte of bulk temperature and

Using jCO;O . 385'2_1cm
concentration and the measured AE of 25 volts, one obtains a porosity
0 of 3X10_u for the example of Fig. 8. For such a small porosity d;édn.
The observed voltage increasé, therefore, is due té a layer at most. a
few tenths of a micron thick. In order for the dissolution to proceed
through porés, involving a direct contact between baré metal surface and
electroiyte, the low porosity derived above would require unreasonably
' high local current densitieé._ It is,therefore,highly'unlikel& that the
observed high poténtials in the transpassive dissolution mode are.caused
only by a partial'Blocking of the surface by an insulating layer.

Other experimentai observations lead to a similar conclusion. A
change_in_s?ecific electrolyte.conductivity by approximately a factqr.
of twb had no measuraeble effecﬁ on the voltage rise AE. Furthéfmoré,a
large fraction of AE'Wasvfound to Be non—ohﬁic as indicated bj trace (b)
in‘Fig; 7,which represents the.potential décay after current interruption
(timé rééolution 5u sec/div) for‘the same electrélyéisvconditions_under
'vwhich'chafgihg trace (a) was observed.

The above discussion suggests that,during transpassive diésolution,‘
the_anode potential is determined by the présence of a thin compact layer.

It can-bé speculated that diséoluﬁioﬁ océurs.through.this layer by solid; '

state éonduction;although no éxpefiméﬁtai prbéf for’thié view exists,at
present. Extremely large heéting effects‘ére to be expected Within the

anodic layer (for example, 25 volts at 89 A/cm2 within a 3.8X10i5 cm

T 3

thick layer correspond to 1.4x10' cal/em” sec). The associated temperaiﬁfe
- rise increases its ionic conduétivity; This view is qualitatively

consistent with the results shown in Fig. 9, which show that the voltage
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rise AE is almost independent of current density,.i:e. the effective
resistance of_the layer decreases strongly with increasing current
density (and hence increasing powef dissipation). It is possible thatsas °
a result of'the heating effect;stresses are generated within fhe layer,
which lead to its periodic rupture during the anodic dissolﬁtioniprocess.
A more detailed understanding of the nature of the anodic layers
present is necessary to determine the sequence of events in transpassi&e

7,8

dissolution. Kinoshita et al. analyzed_solid resctien prdducts during
copper.dissoluticn in snlfate media by'X—f@y diffraCtinn. The products

: Were.sampled-continuously downstream from the anode. .Cuprousdoxide which
may dispfopoftionate into cbpper ion and metallic copper was found to be:
a major consfituent. The direct anelytical study of anodic l@yefs is
complicated, however, by the fact that upon current switch-off their
nature mayibe changed.within a matter of milliseconds. This is evidenced
by the experiments illustrated in Figs. 10 and 11. Two identical cufrent
pulses Wefe.applied to the anode in time inﬁervais ranging fron a
fraction of a millisecond to several milliseconds. The shape of the
gsecond pulse fhen depended strongly on the elapsed time between the two
pulses (Fig. 10). The time interval necessafy for the second pulse to
become'.‘identical with the first pulse'was considered equivalent to the
time neceSSary for removal of the;anodic'layer.after current sWitch—off.
In Fig. 10, this corresponds to approximefeiy 6 msec. lThe time for -
removal denended on the flow rateias well as on the current density at
Which the layer had been formed. This is evidenced by Fig. llvin which
the difference between the initial #oltage of the second pulse and that

of the first pulse, as determined from transients similar to those given
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in Fig. 10, ére plotted as a function of the elapsed time betwéén two
consecutive pulses. .The layers fdrmed at high current density apéeared
to bé removéd faster than.those'formed at lower current density.
Increasing flow rate also accelerated femoval. Thé latter effect is

got unexpeéted; it may b¢ related to an enhancement of either mechanical
removal of solid products or of an increase in rate of mass'transporf of
dissqlved producté} It is tévbe noted; hOwever; that layer removal took -
somewhat longer_than’layer formation (Fig; lO).: Since layer formafion

is initiéted by a mass transport limited process,l it appeéfs that
femoﬁal is ﬁot entirely governed by a simple mass tranépprt process.

Accelerated layer removal with higher formation current density may be

 due to higher local.temperaturés of the surface which épeed up chemical

dissolufion, or to larger concentrations of hydrogen ions accumulated at:
the surface under conditions of high formation current density.

SUMMARY "AND CONCLUSIONS

Galvanostatic transient techniques have been used for the study of
current voltage relationships characterizing anodic éopper dissolution

at current densities of up to more than 100 A/cm2.

With the pqssible
accuracy of high current density potential measurements, results for
active dissélution obtained .in the present study were consistent with

the Mattson—Boékrié mechanism, freéencé of oxygen and.préelectrolysis df}-
the solution apparenﬁly havé little influeﬁce on.measured apodic.Tafel :f

slopes at high dissolution rates.

Potential current relationships for active dissolution obtained in

@ flow channel cell were little different from those measured in a

cylindrical cell. This indicates that the error introduced into transient
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measurements by the non ideal geometry of the flow channel was small, and
it appéars that such cells are well suited for the sfﬁdy of active as well
as transpassive metal dissolution under controlled flow conditions.
Dissolution in the transpaséive mode proceeds by a difféfent‘mechanism
at much higﬁér anode potentiai; Experimental resultS'and numerical _
estimations show that the‘observedvhigh values of the anéde potential in
thé transpassive mode are due to a thin, well adherihg,layer. SinceA
earlier studies.showea fhat lbose solid reacﬁion products are generated
duiing transpassive dissolution, it has to be assuméd that the anodic
layer‘has a dual structure,-consistiﬁg of élthih compac% layef in contact
with the metal and loose ﬁatefial (mostly'cﬁproﬁs oxide) sitting on top
of it. The loose material has little influence on observed tranéient
behavior‘a£ constant current which is gqverned by the properties of the
adherent layer. The effective resisfancevof this layer was shown to
decrease with incréasing current density; an effect which is attributed to.
local heating. Quantitative modéls_for the description of the dynamics
of transpassive dissolution havevnot been developed SO fér.
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TABLE I

Tafel parameters for anodic copper dissolution in sulfuric acid -

HESOh' ﬁlectrolyte Current Density  Cell Ref. a b
: Cu 80, . , » S
(M) () (Afem®) - (aV)  (wV_
1 v 0.1 ‘.5 X ]_0_3 to-39 I | present 171+16 ihOi 15
1 0.1 8 X 1073 to 140  II  present ,iBhtzl 51+16
0.5 - 0.5 — ) 81,*82 "h016,+36t10
0.5  0.075 5% 1073 o 0.2 (9) 93,7113 e, ussl
0.5 0.011 | - . (9) 100 b1k

* . .
The range of current density in which Tafel behavior was observed was -

estiméted'frdm two figures givep in’Ref. 9.

+Fi_rst value for He annealed coppér,féécond for electrodepoéited copper.
The standafd.deﬁiation of the results given iﬁ Ref. 9 was mnltiplied‘bjiiv
two toiget.a 95% confidence limit. The valués of a were calculéted from

1O-values'given in Ref. 9.
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Figure Captions

Fig. 1. C(Cross section of cell I for studies under free convection
bconditions.

copper wire anode

A
B = cylindrical coﬁper cathode
C = reference electrode;,
' D'=-capiilafy
E = tefloﬁ inserts =
i F = set screw
_ G = nylon scfews
H = lucite cell cover
.I = iucite cell body

Fig. 2. Flow channel apparatus fdr.studies under forced convection

conditions.

A'= motor arive

B = dialvindicator for settihg.flow'rafe
j C - piston pump |

D = electrolyte. reservoir

E = flow channel cell (cell II)

‘Fig. 3. Electrical circuit with IR compensétioh.
A = anode
B = cathode
C = pulse generétor_
D = current measurihg,pfeémplifier
E =‘preamplifier with vafiable gain

F = preamplifier for reference electrode signal
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Fig. 3 continued

G

reference electrode.

VIH series resistor
I=5¢q reéistor.'
Fig. 4. Anode potential vs ;:u:r.'re‘nt densitﬁr" for active dissvolution_'of
éoﬁﬁer in sulfuric acid solution.
0 data obtained in cell T in 1M B,S0,, Q.l M Cu SO,
Ceen uncertainty célculated from equétioh (2)v
- ---- uncertainty due to IR subtraction
¢ data from Ref..9'for 0.5 M Hesoh 0.075 Cu 50),
Fig. 5. Measured ohmic drop (iR)Aénd anode overvoltage (n) in cell I,
- 1 HyS0, 0.1 M Cu 50,. .'
Fig. 6. Anode potehtial vs current deﬁsity for active_coppé? dissdlﬁtion_
in‘l M stoﬁ- 0.1 M Cu soh in flow: channel cell (cell.II).
Flow rate 140 cm/sec | |
ees uﬁcertainfy'according_to Eq. (é)
~---- uncertainty due to iR subtraétion
Fig. T. Transpassive’behavior of-copper in l:M H2SOh + d.l M5Cu SOh,
Cell iI.'ZCurrent'density 77 A/cem, flow velocity 140 cm/sec,

no IR compensation.

Trace a: overall potential transient, anode potentiél = 10 V/div,

time = 1 msec/div;
Trace b = decay transient after current switch-off
anode potential = 10 V/div, time = 5 usec/div

Trace c: current transients, 5 V/div
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Effect of flow rate on anodic transients in transpaésive region.
Current density (b) 89 A/cme; Time = 1 msec/div,
énbde potential (a) = 10 V/div.

Flow rate fof transients from top to bottom: 65 cm/sec,

vihO cm/sec, 370 cm/sec, 610 cm/sec, and 1000 cm/sec.

Voltage increase upon anodic layer formation in function of

'-éurrent density.

Fig. 8.
‘Fig. 9.
Fig. 10..
Fig. 11.

AE = peak VOltage minus initial voltage.

Double pulses applied at different fime intervals. ‘Current density
77 A/cme, flow fate lOQObcm/seé. Anode potential traces = U
lb V/diﬁ, time scale = 1 msec/div. | |

Difference in initial voltage between first and Second pulse as’

é function of time interval between pulseé, | |

& 93 A/cmz‘at 1600 cm/sec.

0 k6 A/cm2 at 1000 cem/sec -

A 93.A/cm2 at 140 cm/sec

50 A/cm” at- 140 cm/sec

®
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Fig. 10.
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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 1mp11ed W1th
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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