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4CRYSTALLOGRAPHIC FACTORS IN HIGH-RATE ANODIC DISSOLUTION OF COPPER

: * ' : .
D, Landolt, .R. H, Myller and . C. W. Tobias

Inorganic Materials Research DiVision Lawrence Radiation Laboratory':‘
and Department of Chemical Englneerlng, University of California,
' Berkeley, Callfornla ok720

Abstract
Surface textures resulting from the anodic dissolution of poly-

3
studied. vElectrdlyte flow velocities of 2500 and 400 cm/sec.have been

crystailine'and sihgle crystal copper at 50 A/cm? in 2 M KNO, have been

used for dissolution in the active and transpassive mode. Results ob-

tainedfby light and electron microscopy show that surface topography

“* resulting from active dissolution depends on crystal orientation. Flow"g

streaks ‘appear in transpassive dissolution. Transpassive pitting was

obserVed'in polycrystalline samples only.

School of Engineering and Applled Sc1ence University of California,

Los Angeles, Calif. 9002h



eAn_important.probiem in‘the:procese of_electroohemical'maohiningvie
the’oonﬁrol of tHe resultinglsurface finish. 1In previous studies of.hign
rate anodic metal dissolutioﬁv(i-3),it has been.shown that‘the eurface,'
.flﬁlsh resultlng from the anodlc dissolution of copper in'a glven.elec-
trolyte depends both on flow veloc1ty and current den31ty The m;cfographsv
vshown in Fig.' 1 exhlblt:a tran51t10n from etchlng to pollshing dissoluﬁion
.aiong a.line running approXimately'from the ﬁpperlleft tovthe_lower right
of the array. Below this line, the suffece eppears etched and dull; above
it,smooth and bright, withlpits increasing in prominence with'the
sepafetion ffom the franeition region. The'tiansition in surface finish
coincides with the transition'from a low'poltage diesolution mode, which
we_have”termed active, to a high.voltage mode, which we call
transpassive. It is'to be expeeted_that struotpfél'
factors of‘the anode material also-affecf the resultiné surface -
finish: 1In the:presept spudy, the surfaee topography resulting from the
‘ hlgh rate. anodlc dissolution of copper spe01mens has been 1nvest1gated
;under actlve ‘and transpa531ve dlssolutlon conditions in 2 molar potas51umv
‘nitrate‘solutionff‘Polycrystalline samples of variable grain size and
singlerefyStals-of different orientation have been:ﬁsed.: | |

' Experimehtal

The flow system and.phe electflcal c1rcu1t employed have been
.descrlbed”before.l Two - flow rates have been employed 2500 cm/sec for
:diesoiution.in'the active mode and hOO.cm/sec for dissolotion in the ‘
passive mode. :EleCtrolyeisbwas eondueped at constant»current of.SO'A'/c‘m2
’with a,eteiﬂless éteelecathode.of 3‘mm.diametef Positioned 0.5 hm_frOm

the anode. During each experiment,‘a charge of 25 cou’lombs/c‘m2 vas



passed, which'correspon&s to an éverage disSolutibn depth of 10
microns. | |
ﬁound_anodes of l.S'mm di ameter and 45 mm length, embedded in
.cylindrical polypro?ylene'hdldérs of 5 mm diameter were used. They were
ﬁrepared from 99999 cpﬁper réd (Comincon Cl.; Spokane, Wash.). Polycrys-
taliine specimens were used as‘réceived; or anﬁealed (1750°F, 4 hrs. in -
argon, after 7.5% diameter reduction). Single
crystals were grown from the same materiél in induction-heated graphite
molds, using spherical seed érystals. ‘The surfaces of the embedded
electrodés ﬁére gently polished over extended periods (6-30 hfs.) with
1 and 0.5 micron chromium oxide abrasive. Structural damage due to this
treatment.was sufficiently shallow as not to be Visible in the x-ray
diffraction pattern of single crystals. In ordéf»to put a limiﬁ oﬁ'the
depth bf iaftice damage expeéted to be still present on the surface |
(withouf affecting the x;ray.diffraction pattern); experiments were.
pefformed»fo determine the thickness‘ofidistorfed copper necessary fo
oblitefate'the'diffraction from an underlying single crystal. Cold-
rolled copper foils of different thiCknesses'were attached to the surface of
a (100) oriented crystal. No diséernible diffrabtibn péttern was
dbtained.with a 10 micron thick foil and a greatly attenuated one

resulted from 5 microns, independent of the closeness of contact of the

copper foil. These results indicate that surface damage due to polishing, extended

to a depth of much less than 5 microns, and the anodic dissolution indeed-

proceeded into the undisturbed crystal. ' The smoothness and flatness

of the polished electrode surface was asserted by interference microscopy.
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'-1 Deviaﬁion from flatness over the entire surface was usually less than - -

> microns  as illustratéd in Fig. 2. Residual polishing marks were
at moét 0.05 ﬁicron déeb (Fig. 3).

BefOre_ﬁse, the eléctrodes were cleaned with acetone and detefgent
and subjected tb‘cathodic hydrogen evolution in lMVNaOH (100 mA/cmg,

3 min.). After the dissolution experiment, the electrodes were immediatel 

‘removed from the flow channel cell, rinsed with distilled water and dried

"with acetbne.‘ Without delsy, they were examined by optical microscopy

and interference microscopy. From some surfaces, plastic-carbon replicas- .

were prepared for transmission electron microscopy, others were examined

in the scanning electron microscope.

Active Dissoiution

Fig. 4 shows the sﬁ%;ace of an annealed polycrystalline electrode

.- after dissolution in the active mode. The exhibition of individual grains,

similar to chemical étching, suggest that anodic gtfaék depends on
crystallbgraphic orientation. The same surface viewéd at higher magni;A'
fication.(Fig.IS) demonstrates that the different appearaﬁce of grains isb
due to the development of ridges and shallow.etch pits, whose ofientatiqn 
and shape vary among adjacent grains. Still highef mégnificaﬁion feveals  
thaﬁ ridges and etch pits are éoﬁposed of submicroscpbic sﬁeps (Fig. 6)Q;;
These o?éefvétions aré similaf to those reported from électrocrystallizatién
and.vapériiatioﬁ studies. They can be relgted to the:mechanism of removai
of atoms from the crystal lattice which can be described by the movement f
of atomic ledéés acfoss closé packed ;attice planes.

In order to-investigate the effect.of crystal orientation, expériments'

were also carried out with single crystal electrodes. Contréry to the



e

polycrystals which'ekhibited a dull appearance after active dissolution;
single crystal surfaces of low index orientation remained bright without
visible etching. Thisidiffefence is illustrated in Fig. T which may be

compared to Fig. 5 taken at the same magnification. The (110) face

employed in Fig. T shows surfacé'texture at the limit of optical resolution.

On- the (lOO) face, oﬁly the electron microscope fevealed shallow'crystél-'
logréﬁhic etch patterns and even at that resolutioﬁ, the (111) face was
almost feétgreléss, as‘shown in Fig. 8. lThese results seem to support

a dissolution mechanism invol#ihg the motion ofvmonatomic ledges on
tightly backéd 1attic§;planes.6' These obéefvations are also consistent

T

" with those of Hulett and Youhg who found thé formation of etch pits:bn
(111) copper faces in HCl at low current densities only after the

addition of HBr which acted as a poison for ledge motion. No such

poisoning appearé to have occurred under the present dissolution conditions.

Accoraing tq the iedge motion mechanism,.dissolﬁtioh stafting With a high.
index éfyétal plané, (comparablé:to-fhe random oriéntation éf grains in
polycrystailine material) is.expeéted to result in a faceted-surface.
Such facets havé beén observed on séveral‘randomly Qriented crystals. A
typical example is shown in Fig. 9. This éurféce texture is similar to
the one reported for iron cathodically de?osited at'high.(lSO—EOO mV)
overvoltage.8. The surface textures_reéulting from active dissolution
indicate that dissolution at very'ﬁigh rates-@oesrnoﬁ proceed by a
basically:different mechanism frém that at low rateé, provided that
removal.Qf.reaction broducts froﬁ the Surface‘by convective diffusion and

migration is sufficiently fast.




Transpassive Dissolution

Fig. lO illustrates a polycrystalline surface after transpassive
dissolution. In contrast to the appearance of the'same specimen after
active dissolution (Fig. 4), the surface now is bright and differences
%etweén individual graihs are barely discernible at the optical level
of ;esolution. A larée number of found;.deep pits, some arranged in
rows , is.distributed over the éurface. Streaks in the flow direction,

' dué té:a waviness of the surface, extend from the leading.edge over most
of the'speéimen. Brigh£ and pitted-surfaces,resulting from dissolutioﬁ  o
in the presénce of an anodic passivating layer,have also been reported
for electropblishing at much lower current densities.9 Brightness’ is
.due to a g£eatly réduced micro-roughness, and the even attack on
differehtly oriented grains has been éxplained by the equalizing effect
of an oxide layer.lo At ﬁuch higher resolution,'differences in
sﬁrface texture between neighboring grains oeccasionally become visible. jﬁe

4electron.micrograph, Fig. ll,<illustrat¢s one oflthé_most pronéunced |

_ microtéitﬁrés observed after.transpassi#e dissdlution.r Compared to thé: i
surface resulting from activé dissolution shown in Fig} 6 at the same .
ﬁégnifiéat#on, the roughness 1s an order of magﬁitude lo&er.: i.b

The difference in microtéxture betweeﬁ active and transpassive

dissolution is particularly pronounced With e randomly oriented single.  :'
crystal. The electron miCrographs_in Fig.lé illustrate this situation' 
for a surface'oriented 10° off the (llo),plané. Intereétingly enough, nqééitting
has been observed on any of the sihglé crystals studied; Flow streaks |
appeéred on.single crystals in transpassive dissolution similéf»ﬁo the ‘

_ones observed on polycrystalline specimen. The interferogram, Fig. 13,

e . - : , O
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shOWS'the.associated macroscopic waviness of the surface. Typically
these profiles are 0.1 mm wide, a few microns deep, and become shallower and

wider downstream, Flow streaks observed under technical ECM conditions have

‘been attributed to cavitation effects. In the present study, flow
streaksvhave not been observed in active dissolution, where cavitation
is more likely, due to the higher flow rates. (2500 cm/sec active, L0O

cn/sec transpassive).




Coriclusions

1. The pfésent'study shbws-éhat crystallographic factors influence thé_,
surface téxture resulting from high-rate anodic dissolution of
copﬁer in thé acti&erﬁodé. Transpassive -dissolution proceeds in the‘
présence of anodic layers,which diminish the‘effect_of crystal

_orientation and lead to brighténing.

2. In the active mode, sﬁbmiérdscopic'facets'lead to the development

of fidges,which give the surfacevan etched appearance. This appeaf-%
ance depends on crYstallographic orientation and results in a
differentiatioﬁ betweeﬁ grains ‘in polycrystalline material. ‘Active'é
dissolution of (100) and (111) faces has not resulted in the formati;otn
of facéts. Thése observations are inxagreeménﬁ with a dissolution>t
mééhanism based on the motion of.atomic ledges on tightly packed
laﬁtice planés.

3. Flowxstreaks are associated with transpassive dissolution,while the>
surface resulting from active dissolution is ihdependent of flow
direction. |

L, Transpassive pitting is linked to metallurgical'féétors not present -
in:the single‘crystals studied.
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‘Figure Captions

Polycrystalline copper surfaces after diSSolutiOn in 2 M KNO3

‘at different current densities and flow velocities. Optical

micrographs.

.  Low power interference microgréph of polished copper singlelv

crystal electrode surface 10° off (110) orientation. Maximum

deviation from flatness, 2 microns.

' High pover interference micrograph of polished copper single

crystal electrode sufface 10° off (110) orientation. Maximum
depth of residuél»polishing marks 0.05 microns.
Differentlation of grains in annealed polycrystalline copper
after active qissolution. Optical micrograph.

Ridges and etch pits on different grains after active dissolution.

_Same specimen as in Fig. k4.

Submicroscopic steps in a grain of polyerystalline copper after

- active dissolution. Electron micrograph of two-stage carbon

replica. Diameter of latex spheres 0.5 micron.

(110) single crystal surface with barely visible texture_aftef‘i
actlve dissolution; Optical micrograph.* :
Smooth copper (111) surface aftef active dissOlution, Latex: {;
sphere of 0;53 u.diameter proyides scale for direction and
length of shadows. " Electron micfograph of two-stage carbon_
replica.

Copper single crystal surface, oriented 10° off (110) directionc

after active dissolution. SCanning.

electron micrograph, tilted 30°.
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;Bright, pitted surface with flow stfea#égv Annealed polycrystalline

_Jéépper after transpassi?e dissolution. ‘Optical micrqgraph. Flow

. direction from lower left to upper right:

11,

' Surface texture oftneighboring'grains of annealed, fine‘gréin"

",pélycrystalline_copper after transpassive dissolutibn. Electron

 micrograph of ‘two-stage carbon replica.

12.

Microtexture of copper single crystal oriented 10° off (110)

. (a) after active dissolution, (b) after transpassive dissolution,
vsame,magnification. Electron micrographs  of two-stage carbon

.b'replicas,'diametef of latex spheres 0.53 microh7

Flow étregks resulting froﬁ-transpassi#e dissolution of (100)

‘- single crystal face. Interference micrograph. Flow direction

_from left to right.
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10A/cm? 50A/cm? 100A/cm? 150A/cm?

100 cm/sec

400 cm/sec

1000 cm/sec

4

2500 cm/sec

4

COPPER DISSOLUTION IN 2N KNO, AT CONSTANT CURRENT

XBB681-205

Fig. 1.
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Fig. 2
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Fig. L.
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Fig., 5.
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Fig. 10.
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Fig. 11.
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XBBT09-L4175

Fig. 12.
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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 representann expressed or 1mp11ed 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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