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TRANSPORT  PROCESSES IN ECM
. ( | D. Landolt,* R. H. Muller, and C, W. Tobias
. Inorganlc Materlals Research Division, Lawrence. Radiation Laboratory,

& : _ _ and Department of Chemical Engineering,
o ' University of California, Berkeley, California

 ABSTRACT

3eECM is viewed as a special case of an electrochemical process
conducfed at. extremely high current densities with narfowly spaced
electrodes. The unusual nature of the process raises questions
-about the applicability‘of conventional.electrochemical concepts.
fartieﬁlar problems which need clarification'inelude the dynamic
beha%ior of ancdic layers and the transport of dissolved, gaseous
andveolid products from the electrodes.  Optical observations,
potentiel ﬁeasﬁrements and various analytical techniques have been
emﬁieyed to- elucidate trensport mechanisms invqlved in the dis-~

solution of copper at current densities up to 150 A/cm2.

¥ School of Englneerlng and Applled Sc1ence, University of - Callfornla,

Los Angeles, Calif. 90024
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ECM as.én Electrochemical'Process

ECM is a process in which the complex shape of a tool is reproduced

at high speed, withfgood sufface finish,by anodic dissolutioh of the work .

piece, From an electrochemical point of view, the process involves
electrolysis at very high current densities with small electrode gaps
and high electrolyte velocity. Since some of the process parameters

of ECM differ by severalvorders of magnitude from those of conventional

electrolysis, it is by no means evident that a simple extrapolation of

correlations valid under ordinary conditions can be used for the macro-

'écopic descfiptioh of ECM. For ekample, how does overvoltage depend

on'current“density? The activation (charge transfer) overvoltage is
often well described by a Tafel line given in Fig. 1. By extrapolating

a typical Tafel line, one would expect overvoltages of only a few

_hhndred millivolts, even at the highest ECM current denéities.

The ohmic voltage drop in the solution, on the other hand, increasést
linearly Qith current density and may reach many volts as shown by the
calculéfed values_in Fig; 2, At high current densities, the contribution
of the cﬂarge transfer overvoltage to the'overall cellvvoltage, thereforeé
becomes negligible. The linear dependence of the ohmic voltage drop on
the current déﬁsity assumes no effect of hydrogen bubbles or heating on:‘ 
tﬁe conductivity. The charge transfer o&ervoltage Valﬁesbare'valid |
only‘in'thé active dissolution regime and do not inciud¢ concentration
overvoltage;. When_passivétion'occurs, the voltage balance:is drastically.
altered by.a.large voltage drop acrossiﬁassivating surface layers.
Thermal effects due to the powef:dissipation.in such layers can be

expected under these circumstances, the, current distribution is likely
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to be changed and possible anodic oxygen evolution could decrease
current efficiency fpr the dissolution process.

Another aspect of the process concerns the méss transport from the
electrode:surfaces. Anodic and caihodic reaction products have to be o I
removedvénd reactants supplied; Transport of diséolved materialzby
convective diffusion and migration can bé described by different
dimensiqnless equafibns-which contain the Nusselt (Nu), Schmidt (Sc) and.

- Reynold's (Re) numbers and depend on the details of the hydrodynamic
situéﬁion.3 For the estimation of mass transfer rates in tufbulent
flow to aﬁd from the wélls.of a rectangular flow channel of hydraulic
diamgter‘D , the Deisélerjrelation with the Blasius friction coefficient

"can fe‘used (Eq. 1). ‘ For fully developed mass transfer boundary

layérsf-which are independent of the-disﬁance from the leading edge of

“the electrode this can be formulated as

Nu = 7.02x107> Re?/B st/ | (1)
wheref.
i.D S
Nu = E%Z%ﬁ _ (2)
P S o | | (3)
VSc = %;. ' ' : o ' : (W) 3
i, = limiting current density ' .

¥ A different equation has to be used for short electrodes on which the
mass transfer boundary layer thickness increases in the flow direction

(mass transfer entry region).
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D, = hydraulic diameter = L times cross section/
perimeter
z = number of electrons transferred per mole

F = Faraday constant

Ac = concentration difference between bulk and electrode

surface
D = diffusion coefficient
v = linear fiow velocity
v o= kihematic viscosity

A graphic'répresehtation‘of'thﬁs equation for 3 mm wide electrodes

spaced 0.5 mm'apart is given in Fig. 3. For the case of a reactant beingi

consumed at the electrode (e.g. in cathodic metal deposition), this

_\reiation'predicts a maximum rate of discharge when the reactant is

depleted at the electrode surface. In anodic metal dissolution, reaction.

products have to be tranéported away from the electrode. A maximum
possible dissolution rate is due to the finite solubility of reaction

producﬁs. The concentration driving forces assumed in Fig. 3 for the

* computations cover the range of poorly to well soluble reaction products. :

A different transport limitation arises when dissolution results in the

'formafion of complexes. The transport of compleXiﬁg agent from the
>fsolutidn to the anode may become the. limiting factor. An example of

this situation is the dissolution of copper in chloride electrolytes

where we would expect the dissolution mgchanism.to depend on the
chloride ion concentration.
In the active dissolution mode, the maximum rate of mass transfer

can bé'increased for a given channel géometry‘by increaSing the flow
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velocity (Eq. 1). An increased flow velocity results in a decreased
thickness 8§ of the mass transfer boundary layer, which is inversely

proportional to the Nusselt number

W

8 =D /Nu o - - (5)

A graphical‘representation of this relationship for electrodes.spaced

0.5 mm apart is given in Fig. L. |

Two‘éuestions arise in th¢ extrapolation of transport equations of
this type. First, it is not certain that these equétions apply to flow .
fields in narrow gaps. Conventional mass transfer relations héve to be -
modified When the boundary iayefvthiékness becomes coméarablé‘to the.
roughneéé of the solid surface and cannot be expected to hold when |
moleculér<dimensions are reached.>‘Second, we have to ask what happens
when the'dissolﬁtion process ié drivénvat a raté‘above the 1limit imposed
by convectife difquion and migrationf Oxygén evolution would be expected
under suéhvconditions. HoweVer, there are other'possibilities. vSuperf
saturation. at the anode .could lead to dissolution rates above the
prediétéd limits, If reaction products should be removed from the
anode in solid réther than disgblved form, the equations of convective
mass transport are not useful for the prediction of Iimiting phenomena.
f&q factors with multiple.effécts have been neglected so far:.

" cathodic gas evolution and heat dissipafion‘in the solution. Gas.
evolution affects the elecﬁrolyté resisfance, resulting in higher cell
voltage and possibly different current distriﬁution. Gas may accumulate -
in large bﬁbbles and lead to two-phase plug flow which drastically éffects

anodic mé,ss transfer conditions. Gas accumulation on the cathode also
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seems to lead to ércing.h Cathodic hydrdgen may be oxidized at the

anode and, thus, decrease the’curreht'éfficiency for the metal dissolﬁtion

- process. -Thermal effects in the solution speed up mass transfer and

simplest eléctfochemical-measurements present major problems.

kinetic processes.

Experimental Considerations

For the study of some of these questidns, which have no & priori
answers, experiments have been de#ised fo separate the effect of

significant electrochemical variables. Due to the particular conditions

of electrolysis under ECM conditions (high currént_density small

electrode gap, dissolving anode and high flow velocity), even the
| | 3,5 .

A cell design is required which provides for well-

ééntrolled;high flow velocities at the electrodes and does not involve © -
excessive cell voltages to reach the desired current densities. For
example, in order to drive 100 A/:cm2 between two parallel electrodes

2 mm apart, with 1 N KCl solution befﬁeen them, about 200 volts are
requiréd to overcome the ochmic electrolyte resistance. The resulting
power dissipation of 100 kW/cmS Wouldvheam a stagnant electrolyte to

the boiling point in 4 milliseconds. ~The high flow velocities employed

in ECM therefore serve two purposes, mass trénsferuand power dissipatioﬁ.Q

Well-defined hydrbdynamié conditions. can be obtained on rotating

T

disks6band cylinders’ and in flow channelSB. The latter seems to be
most similar to the technical”ECM'configuration. An experimental

flow ce119 is shown in Fig. 5. Square copper electrodes of 3 X 3 mm

“surface area are faciﬁg each other at a distance of 1 mm. Their separation

can be adjusted during the experiment with micrometer screws. Backside
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capillaries are provided for the connection of reference electrodes.
The downstream capillaries were‘also ueed for the sampling of dissolution
products. Another cell3 is shgwn in Fig. 6. Here,the electrode
seperation is only 0.5 mm. To insure precise positioning of the | v
electrode surface and reduce edge effects, the electrodes are embedded
in epoxy»resin. Instead of adjustingvthe electrode position during .
dissolution, the duration of each experiment was limited, in order to
make chenges in electrode spacing negligible. - The figure also shows
| the hydrodynamic entrance length which serves to establish fullyvdeveloﬁed
velocity profiles at the electrodes. ”

In.erde? to be able to study transport effects, it was decided to
keep the chemistry of the dissolution process as simple as possible.
Complications;which could be'expected due to the complex composition
and strﬁcture_of metals which are techeically>shaped by ECM, were
avoided by.the use of copper. ‘This metai has been exﬁensively used for
electrochemical studies. It is noble and has felativelj well established
kinetic and transport properties. It is also eesily available in high |
purity and can easily be.prepared in single crystal form. It is realized
that the present studies will have to be extended to the dissolutgon of |
more comblex materials.

Active arnd Transpassive Dissolution

~ The simplest electrical measurement whicﬁ can be made on an
electrolytic process consists in establiéhing a current vs. cell voltage . ®
relatiqnship. Some results are shown in»Fig. 7.  These measurements
were obtained by appljing'a constant cqrrent to the cell and measuring

- the resulting voltage. The approximately linear sections in the curves
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_near the'origin_confirm the controlling effect of electrolyte resistance

up to a critical current dénsity, where the dissolution switches from
the low voltage to a high voltage (transpassive) mode. This tranéition
is moved to higﬁer éurrent densities by an incfeésé in flow velocity.
The increaée in volfage is more ?ronounéed if one considers thé short-
time behaﬁior of the electrode because.the voltage at constaﬁt currenf'
exhibitsva maximum before reaching steady state as shown in Fig. 8.
Concurrent with the switch from low voltage to high voltage

dissolution mode, a change in current efficiency for the dissolution

. process hasvbéen’observed}lo It is shown in Fig. 9. The increase of

current efficiency based on tﬁo-valent>copper abqve 100% can only be
e#piained‘gy the formation of monovalent coppef:ér the release of metal . -
particles from the electrode surface.  The latter explanation would

iead.oné-to'expect a rough surface and possible grain bouhdary attack

resulting from dissolution in the high voltage mode. Experimental

evidence, however, is contrary to this expectation.

Low véltage diSsolution of polycrystalline copper in sulfate
solution results in a dull, etched surface finish. shown inm Fig. 10.

On the other hand, a bright surface frequently results from high voltage -

 dissolution, Fig. 11. Microscopic -examination shows a smooth, randomly: 

pitted surfaCe{ Fig. 11 also Shows a remnant of an adhering layer of

différent‘composition. Thesevlayers are likely to'iﬁtroduce a sizeable

voltage drop and could,’thérefore, explain the observed sharp voltage

rise. The removal of solid dissolution products from the anode

has been" proven by samplihg the effluent anolyte through a capillary

located at the downstream edge of the anode. The composition of solids
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thus collected, formed in sulfate and nitrate solution, has been
analyzed by x-ray diffractién techniques. Their_méin constituent was.
cuprous'oxide.v The power diisipation due to the electrical resistance.‘
of the layers results inlthe release of large quantities of heat at the Cw
electrode. It is poésible ﬁhat thepﬁal effects are responsible for
voltageifluctuations such aé the ones shown in Fig. 12. Opticél

dbservatiﬁn in chlérate electrolyte showed that the periodic formation

and remdvél of surface;léyers_goes parallel to the voltage flucfuétions

and is désociated_Wifh éimilar temperature fluctuations. Further

evidénce for the anodic origin of the voltage fluctuations is contained.

in Fig. 12, which shows that the snode potential fluctuations (measured

vs. a séturéted caloﬁel electfode) parallel the cell voltage fluctuationé,

wﬁile fhe cathode potential stays reasonably constant. It shouid be

bointed'out that these potential measurements can be ﬁsed oﬁly in a
qﬁalitative:sense because tﬁey contain a large ohmi; compohent which
resuits;frbm the finite distance between referenée éapillary and

électrqdé‘éurface, and were measured with only lOO k§ input impedance@_'

Cathodic Gas Evolution

In addition to cell voltage oscillations due to anode processes,
cathodic gas evolution can also lead to &oltage fluctuations. Such a
._cése.ié_illustrated in Fig. 13. Typically, these oscillations. are much -
more>irregﬁlar than the anodic ones. They result from the formatiqﬁ of |
large gas Bubbles in the inter—electrode gap illustrated in Fig. 1L, o | 6
ﬁpon further reduction of electrolyte velocity or increase in current

density, arcing may .occur.

Another effect of gas bubbles released from the cathode is an
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'incréése“of;thé ohmic-resisﬁénce of the eléctfolyte. Thié increase.
results in aﬁ'increased cell voltage undérbcbﬁtrdiied cﬁrrenﬁ conditions.
Fig.ulsviiluStrates this’effect for two différentgcurreﬁt densities.

It can be“éeén that the voltage iﬁcreases sharpiyvupbn reducing the
fléw rate Below a certain value. Thé dotted-iines'indicate the.réngé

of voltage fluctuations.

Transport Limitations

For'ﬁoﬁper dissélutiénvin sulfate and nitréte solution, the onset.
of'tfanséaéSive behavior roughly coinéides with the 1iﬁiting rate of
transpo;t fér reaction products ih'diséolved fﬁrm.3 Thé voltage.step
due to this énodié transpdrt_limiiation is independent of the voltage
fiée (énd‘instability) due tovcathodic franéport limifaﬁions.

In thé traﬁépassive diSSOlutién mode, the ohmic resistance of the
surfacé_layér leads to a re-distribution of current density over the
electrode'faCe. A controlling ohﬁic'resiSfance at the electrode
surface ¢ounteracts the effeci of different voltage drops in the
eiectrolyte to_different locétidns on the anode surface and, thus,

vresults_in a more uniform currént distribution. The polished surface’
finish; observed to result from transpassive dissolution, may be due
vto the‘equalizing.effect.qf surface‘layers'on a micfoscopic sCale,

If_£he prgsénce‘of passivating layers is:desirable in'ECM,Vtaén‘iﬁf
becomés.important to form Such layeré in a controlled'ﬁay ahd to':
continue the dissolutioﬁvproceés‘deépite*their ?résehce. Different modes
‘of transpprt>¢an be postulafed under these circuﬁstancéé. Dissolution’
;products éould move_bj ionic migfation or.diffusion-through the solid

layer and in pores of the film. Alternately; the solid layer could
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be formed and shed periodically. Such behavior seems to be most
pronounced in chlorate»solution and may be a reason for the desirable
properties of this electrolyter. Since in the transpassive dissolution
regime,.réaction products*have to be removed from the anode surface
fasfer thanvcan‘be accounted for by convectivebdiffusion of aissolved
material, a fransport of solid reaction products must be postulated.
Dissolution‘experiments have been condﬁcted at current densitigs ten
times the current density at which transpassive behavior sets in. Under
these condifiong,90%‘of the feéction products appéar to be removed from
the'anode in solid form. ‘A satisfactory quantitative description of the
transport of solids under these circuﬁstances is ﬁot available.
OPtiQﬁl'observationévhave'shown that at high flow velocities, thé solids
..are finely divided énd may be difficult to detect. At low flow rates

or in stagnant solutions, however, their formation can be visibly

demonstrated. A color meotion picture which illustrates the sequence of
precipitate formation and removal in continued electrolysis has been prepared.¥
Acknowledgment: This work was conducted under the auspices of the

U. 5. Atomic Energy Commission.

¥ Presented at the symposium.
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FIGURES
Tafel lines for the charge transfer overvoltage of anodic
copper'dissolutionl and cathodic hydrogen évolution on copper,2
Total charge transfer overvoltage and ohmic voltage‘ drop
éalculated for-active copper dissolution and cathodic hydrogen

evolution in aA2bdKNO electrolyte with electrodes spaced

3
0.5 mm apart.

Limiting current densities predicted by the Deissler relation
for ionic maSS'ﬁransport from parallel electrodes spaced

0.5 mm apart for concentration differences Ac of 10, 1 and

0.1 moles/liter between interface and bulk solution. (Numericai
values used D=107" cm?7sec, v=10"2 cm?/sec, z=2.) |
Calculated thickness 8 of mass transfer boundary layer for

same conditions as in Fig. 3.

Expérimental flow cell with electrcdes of 3 X 3 mm surface

area, electrode separation 1 mm.

Experimental flow cell with electrodes 0.5 X 3 mm (or 2 mm
round), electrode separation 0.5 mm.

Current density and cell voltage for electrolysis in 1 M K,S0),
with copper électrodes spaced 0.5 mm apart. Flow velocity 100
and 400 cm/sec. Initial, peak and steady state voitages as
defiﬂed in Fig. 8.

Typical oscillograph traces of cell voltage U, appareﬁt anode

potential e current density 1 and apparent cathode potential -

A’

- eg for transpassive dissolution of. copper at constant current

showing initial, peak and steady state voltage values.
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0.2M K soh, 400, em/sec, 50 A/cm 2 electrode separation 0.5 mm.
Fig.“9, i¥Current eff1c1ency for copper dlssolutlon in 0.5 MK SOM based
': on the formation ofNCu . Flow v51001ty 50 em/sec and 686 cm/séc,
' éiectrodé sépara£i6n 1 mm.
Fig{‘lO. Etchéd surface‘of copper after active dissolution. 0.2 M Kzsoh,
2500 cm/sec, 20 A/cmg, electrode séparation 0.5 mm.
Fig. 11. Bright, pitted surface of copper after transpassive dissolution.
»0{2 M,K2SOh, 1000 cm/sec, 20 A/cm?, electrode separation 0.5 mm.
Remnant of passivating surface layer on the left.
Fig,vl2. Céll voltage fluctuations du@ t§ anodic processes. U—cell' 
'.voltage, eA-apparent anodé pbtential, i-current density,
eé-apparéni cathode potentigl. 0.2 M K,S0,, 400 em/sec,
20 A/cmg, electrode separati;n 0.5 mn. |
Fig: 13; Cell voltage fluctuations dué to cathodic brocesses. Symbols
a5 in Fig. 12. 0.2 M K,80,, 100 em/sec, 50 A/en®, electrode
'separation 0.5 mm.
Fig. lh; Formation of cathodie gas pétches associated with cathodic
poténtial fluctuations. High-speed photograph, 2 M KCI1,
400 cm/sec, 100 A/cm?, electrode separation 0.5 mm. . Cathode
,faéing up; flow ffom‘right to left.
Figﬁ 15. Effect éf‘cathodic gas evolutionion cell voltage at constant
| current denéity. 2 M KCl, éiectrode separation 0.5 ﬁm,
;..5_cathode facing doWn,'o-caﬁhodeifacing up, --—- amplitude

range of voltage fluctuations.
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