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Secondary current distribution was calculated for a metal
deposition process on a cathode of complex geometr

Rousar and K. Bousek

(e) Same as (d), with added auxiliary anodes in the vicinity

V. of the inner corners of the cathode.

Uniform thickness of the deposited metal layer is desired The calculations were confirmed by an experimental estima-

over the entire surface of the cathode, even in cases wh
the shape of the cathode is very complex. The uniformity

eion of the thickness of the deposited nickel from a nickel
sulfamate electrolyte. An arrangement with two different DC

of the deposit may be improved by inserting screening sources and with insulating shields placed in the vicinity of

elements, auxiliary anodes or auxiliary cathodes (rob
bers) near the most exposed corners; also by choosing
convenient shape and position of the anodes, which ma
be connected to different DC sources.

Modelling of the current distributidf is often used in
electroplating (ECP), electrochemical machining (ECM)
electrochemical micromachining (EMM). In electroplatin
it is desirable to achieve uniform thickness of the deposg
metal. The uniformity of the deposit depends on the cur
distribution over the cathode. The current distribution in
cell is primarily determined by the geometrical characte
tics of the electrodes and of the cell. Non-conducting shi
and auxiliary electrodes are used to achieve uniform cu
distribution on a cathode of complex shape. Design met
require many experiments based on practical experien
obtain uniform current distribution on cathodes of vari
shapes. Mathematical modeling of the current distributig
used to minimize the number of experiments. The opti
geometry of the electrodes (shape, position and humb
electrodes) then assures uniform current distribution a
the cathode.

Many studies concerning ECP, ECM and ENM have b
made. They address the problem of the influence of
geometry on the thickness of the deposit and method

the outer corners of the cathode showed the most uniform
dhickness of the nickel deposit. The effect of local maxima
ywas suppressed by approximately 30 percent. Auxiliary
anodes placed in the vicinity of inner corners of the cathode
have great effect also on the current densities. The numerical
methods used most often for calculation of the potential
ardistribution and electrode current densities (solution of the
d.aplace equatidff) were:
iteck The Finite Element Method (FEM)
rent The Boundary Element Method (BEM)
thees The Finite Difference Method (FDM)
ris-
elise boundary approximations used most often were:
rent The primary current distribution (PCD)
nods The secondary current distribution (SCD)
ce to
bURrior to an analysis of the most interesting references dealing
nvisth mathematical modeling, a few notes will be offered
metbout boundary approximations.
er of o illustrate the problem of setting boundary conditions,
oRy. 1.1 is useful. It shows a schematic of the potential
distribution in an electrolyzer involving the potential drop in
ethre electrodes.In many cases, the potential drop in the
thlectrodes can be neglected in ECP, ECM and EMM. In such
scabes, the Laplace equation (1) is solved only in the electro-

improving its uniformity. By analyzing them, an interesti
review of numerical methods used
can be found for modeling of the

niyte spaceile., between the surface of the anode (which has

above mentioned problems, differ-
ent approaches to the boundary ap-
proximation problem (the primary
and secondary current distributibh;
also techniques used for simulation anodsa
of the metal deposition or dissolu-
tion in ECP, ECM or EMM. \
Calculation of the local cathodic
current densities (cds) was performed
for several geometries:
(a) With screening elements
(b) With additional cathodes
(c) With two anodes of different
dimensions positions and con-

L ® AM

H&

‘ @ oap 100

- +

q o u 0]

cathode
(5}

i aslX)

adacirohyte

0 W
d

nected to different DC sources
(d) Same as (c), but with addi- Fig. 1.1—Schematic of t

he potential distribution in an electrolyzer involving the potential drop in the

tional insulating shields placed electrode. The parametegs , andg¢. ,,denote the inner potentials of the metal phase (anode, cathode),

$,s and . the inner potentials of the electrolyte at the anode and cathggeand §,. the

in the vicinity of the outer cor-

corresponding thicknesses of the Helmholtz double layer and d denotes the distance between the
ners of the cathode

electrodes (approximately the length of therent line,l).
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the inner potential of the electrolyte at the
anode surface of,. see Fig. 1.1) and the
surface of the cathode (with the inner potential _

ofthe electrolyte at the cathode surfaq%@t] %ﬂ

The PCD on the electrode surface is obs

(1]
{

tained by solving the Laplace equation (1) for *
the potential in the electrolyte,
% =0 1)

on the assumption that both electrodes are

non-polarizable and tha}; =Uand,,,

the potentials in the eIectronte at the cathode

and anode surfaces, are given by Egs. (2) and (3).
¢,s=U-E 2

arid 2

mricnda @
-

j =440
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pheomakta

Arev
_EC,rev (3)
where U is the cell voltage (V), E is the
electrode potential (V), anflis the Galvani
potential of the electrode (V). Subscripts C
and A mean cathode and anode, rev means
reversible, M is the potential in the metal of
the electrode and S is the potential in the
electrolyte at the electrode surface. By Eqgs.
(2) and (3), the boundary conditions for the
electrode surfaces are defined for the PCD.
The PCD is easy to program. The calculations can als
made by using commercial software for calculation of
electrical field or calculation of the temperature field
using the mathematical analogy between those two fie
The definition of the boundary conditions is simple and
many practical cases, sufficiently accurate as a tool
choosing the optimal cell geometry. More about the prin
current distribution can be found in Refs. 1 and 2, as we
in the other references.
More accurate current densities can be obtained by U
the SCD. The solution of the Laplace equation in
electrolyzer space is calculated on the assumption tha
electrode potential depends on the current density and
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Fig. 2—Polarization curves for deposition and dissolution of nicke| i

nickel sulfamate electrolyte, measured using a rotating disc electrode

fixed speed of 1000 rpm and polarization curve for hydrogen evoluti
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Fig. 1.2—2D sketch of a steel vessel on the inner side of which nickel is deposited:
(a) 2D cross section of the steel vessel with anodes: (b) 2D cross section used for the
calculation and experiments. All dimensions in the enlarged 2D cross section are in

mm. Dimensions of the sides of the cathode: a = 240 mm, b =126 mm, c = 235 mm,

mm, e = 125 mm, f = 115 mm, g = 80 mm.

orbass transport plays no role. The temperature and the con-
treentration of the electrolyte are considered constant. By
bgssuming that, ,, = U and_,, = 0, and having equations for
dible anode and cathode overvoltage respectively,

inn,=a +b, |I’]]n’A, b,>0 (4
for
aryn.=a.+h.In Ejn,cEl b.<0 (5)

Il as
the equations for the Galvani potential in the electrolyte at the
sarpde and cathode surface follow:

the¢A,S Arev aA b In JnA (6)
t the
thaE,S: _Ec,rev_ at: - bC In E-]n,CD (7)

where jis the current density (A/€ym , andn_are the anode

and cathode overvoltages (V), andad & (V), b, and i (V/
decade) are the Tafel coefficients for the anode and cathode,
respectively.

From the programming point of view, the calculation for
the SCD is more complicated. It requires development of
routines for improving the boundary conditions during the
calculation. It means that the potentials on the surface of the
electrodes must be improved by using the newly calculated
current densities (which are also improved during calcula-
tion). Most often, it is solved by using iterative methods for
the solution of the resulting system of linear equatfdfe:.
that calculation, it may be practical to buy a commercial
program and add to it a program for the SCD, or develop a
proprietary program. In this study, we developed our own
programming code for the SCD. More about the SCD can be
found in Refs. 1 and 2.

Inthe cases that mass transport cannot be neglected, or that
the temperature and the concentration are not constant in the
electrolyte, it is necessary to consider tertiary current distri-
aﬁtj{tion.ly2 In the journals mentioned in the references, there
nare also references dealing with tertiary current distribution,
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but for the purpose of this study and because of the geherabothing was used to eliminate the comer effect. For
complexity of the calculations, it was eliminated from thismoothing purposes, the cathode profile was divided into five
analysis. regions. Each curve was smoothed separately, then joined by
The most interesting references for the practice are citggicing functions. Auxiliary electrodes and shields were also
below. Alkire et al® developed a numerical method fosimulated.
predicting two-dimensional shape changes at a cathode duXovak and Rousacalculated the anode profile at various
ing electrodeposition. The calculation used the FEM #tages of the electropolishing process using the FEM and the
obtain the SCD in an electrolysis cell. Sautedtial* carried | SCD. Clerc and Landdéldealt with anodic leveling. They
out atheoretical and experimental modeling of surface levebrried out a simulation by using the FEM and calculated the
ingin ECM under PCD. The FEM was employed for studyiirigfluence of profile shape and cell geometry under the condi-
the influence of geometrical factors on the rate of leveling tidns of PCD. Deconinckt al® calculated the current distri-
atriangular surface profile during anodic dissolution in EClgution and the change of the electrode shape by the BEM. The
at a constant inter-electrode gap. Rigg®l® developed 3§ PCD and SCD were calculated for applications including
computer-implemented method for predicting ECM workimultaneous deposition and dissolution on opposing elec-
piece geometry, which was verified experimentally with odes. Dukovic and Tobi#offered a model of the current
commercial ECM machine for cavity sinking. The FDM gndistribution and the change of the electrode shape for elec-
a successive over-relaxation method were used. A step-lik@eposition in the presence of diffusion-controlled leveling
approximation for taking cathodic charge transfeagents. The mathematical model accounted for the combined
overpotential into account, rather than applying Tafel kingtfluence of (i) changes of resistivity within the electrolyte,
ics to each electrode surface element (grid points on {ig area masking on the electrode surface, which raised
electrode) to represent a continuous function, has been fosadiace overpotential by increasing the effective current
to reduce the number of iterations for a converted solutiondbgnsity, and (iii) decreased local supersaturation, which
about a factor of four. Prentice and Tobiaported a method lowered the concentration overpotential. The coupled field
for simulation of the electrode profiles undergoing deppsguations were solved numerically, using the BEM. Lakdolt
tion or dissolution. Ohmic losses, charge trangfeeported an experimental study and theoretical modeling of
overpotential, and mass transport limitations were acqoam electrochemical metal dissolution process involving a
modated in the model. The FDM, coupled with a succegssleape change of the anode. He used the FEM and the PCD.
over-relaxation method, was used as the basis of the solutiowestet al*?reported shape change simulations of electro-
technique. Simulation of deposition on a corner electjodeemical etching of lines and holes in thin metal films
was used to illustrate the utility of the method. A least-squa@ndwiched between a photoresistant mask and an insulating
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Fig. 3—(a) Sketch of the cell with insulating shields or auxiliary cathodes showing theatiseat5 (b) the cell with changed dimensions, position
and potential of the main anodes and shape of the insulating shields, showing thendase, an3andan4. The dimensions, distances and electrical
parameters are given in Tables 1 and 2.
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Faraday’'s law was used to deter-

Table 1 mine the rate at which the anode
Explanation ~ &Dimensions for Experimental  Cases catl - catb recedes, assuming a constant cur-
. ) rent efficiency during the EMM pro-
Case Comments Dimensions cess.
catl cell without either auxiliary electrodes or insulating shields From the above mentioned refer-
ences, good use can be made of the
cat2  with insulating shields (thickness, 4 mm in all cases) , =80 mm methodology for the solution of the
d, =40 mm current distribution, and of the ideas
d, =20 mm for approximation of the boundary
conditions, as well as a review of the
cat3  with insulating shields 0= 10 mm mathematical methods used. Be-
d, =50 mm cause of the importance of the ge-
d, =20 mm ometry in modeling of the current
distribution in a cell and its role in
cat4  with insulating shields 0520 mm cell design (concerning also dif-
d, =40 mm ferent factors such as heat transfer
d, =30 mm or hydrodynamics of the cell), the
calculations must be repeated for
cats  with auxiliary cathodes (avg. current density at the ,=domm every practical problem. Very sel-
auxiliary cathode was 0.01 A/&n d, =20 mm dom can a researcher adopt the

calculated current densities to reach

(See also Fig. 3a). Insulating shields or auxiliary cathodes were positioned at thecOnclusions about a realistic in-
vicinity of the outer corners of the cathode (F, D, B) with the same dimensions and dustrial cell (just for some qualita-
distance from the corners. In all these experiments, only one DC source was used, withive analysis).

a voltage of 2.68 V. In this study, the SCD was calcu-
lated for an industrial cell in which
nickel is deposited from a nickel
sulfamate electrolyte. Different ge-

support. They used the BEM and the PCD was assumeanitetries were used to improve the uniformity of the thick-
was also explained that formulating the current distributioress of the nickel deposit. The local influence of non-
problem in terms of a stream function instead of an ele¢tdéienducting shields and auxiliary electrodes was also mea-
potential could improve the efficiency of the numericaured and compared with the calculated results. An additional
procedure. Choi and Kakgpresented a three-dimensionaseries of calculations was carried out in which the position
calculation of the SCD in electrodeposition on a patternadd dimensions of anodes connected to different DC sources
cathode with an auxiliary electrode. The solution of the thfegere changed to improve the uniformity of the local cathodic
dimensional linear equation (LE) was obtained by the BEMurrent densities.

using a linear element of the triang

type. Integrals with singularity re A B ©C D
sulting from the fundamental solu 00450 —~4 + + +
tion were computed analytically. Thi ! :
model suggests the optimum size =
an auxiliary electrode, which mini
mizes the thickness variation throuc
the entire area of a rectangular cat
ode for electrodeposition onto a lithc
graphically patterned substrate
Shenoy and Dattaanalyzed an ef-
fect of mask wall angle on the shay
evolution during through-mask elec
trochemical micromachin-ing. A
mathematical model to predict shaj
evolution was developed. The BED noTod —|
was used to solve the LE for th

electrical potential with appropriat nouse —
conditions that describe the met i
dissolution process under ohmic co 00000 —; T T ) 7 | |
trol. The current distribution at the o Mmpa  M0De SO0 8300 Q0O 42000

metal surface was determined sole - Gathode boundary length, cm _ _

by the ohmic effects and the elec- Fl_g. 4—Local cathc_Jdlc current densmes_obtamed by calculation _and estlm_a_ted by measurement of
y " - . thickness of deposited nickel. The experimental catle—cathode without additional elements and

trodes W_ere defined as equOtentlal with the position of electrodes used in practice (see also Fig. 1). In the sketch to the right, the positions

surfacesi(e., the PCD was assumed.) of the corner cathode points A-H are shown.
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Experimental  Procedure

The experiments were carried out in a
laboratory electrolyzer, sketched in Fig.

1.2, which represents a two-dimensional

cross section of a real industrial cell. The  Case
figure shows the part of the cell used for ~ anl
laboratory experiments and for modeling.
This is the part in which it is difficult to
reach a uniform thickness of deposited
nickel. The aim of this study was to calcu-
late the cathodic current densities in this
area and to compare the calculated results
with experimental data.

The cathode was made from a steel plate
1 mm thick, 50 mm high, on which nickel
was deposited during electrolysis. Anodes
land 2 were made from nickel plates2mm 43
thick and 50 mm high. The dimensions a-

j (shown in Fig. 1.2b) are identical with the
studied part of an industrial cell.

A heat exchanger at a working tempera- ~ an4
ture of 50C, connected to the system via
pipelines and aump, enabled the electro-
lyte to be circulated at a constant tempera-
ture. The deposition time was 10 hr.

The sulfamate electrolyte used for ex-
perimentswas obtained from the factory
GES (galvanization and engineering ser-
vices) Prague, Czech Republic. Its compo-
sition was:

an2

Table 2

Explanation  &Dimensions for Cases anl-an4
Comments Dimensions
Anode 1 was moved upward and to the left j =390 mm
from its position in casesatl-cath i =80 mm

h =130 mm
Anode 1 was moved upward and to the left from
its position in casesatl-cath j =390 mm
Three insulating shields were placed 2 cm away i =80 mm

from the corners B, D and E. The dimensions of h =130 mm
the shields were:

Shield 1 - m =20 mm, pF 78 mm, ;m=78 mm

Shield 2 - | =20 mm, = 55 mm, ] = 66 mm

Shield 3 - k=20 mm, k= 58.5 mm, k=58.5 mm

Same position, shape and dimensions of shields,  j =320 mm
but anode 1 was moved 12 cm upward and 5cmto i =80 mm
the left from its position in casestl-cath h =130 mm

Same position, shape and dimensions aari8r

but with two added auxiliary anodes (sketched in

Fig. 3a).

Aux. anode 1 had rectangular shape, with 4-cm side
length, positioned 3 cm away from cathode sides

FE and ED.

Aux. anode 2 also had rectangular shape, with 6-cm
side length, positioned 3 cm away from cathode
sides CD and CB.

Both aux. anodes had the same potential as anode 2.

« Ni(NH,S0), 1.4 mol/L (See also Fig. 3b.)
* H,BO, 0.57 mol/L
* NiBr, 0.07 mol/L perimental  Cases
«C H._SONa about 3.5 mmol/L (1 g/L), an additjve ™" .
1272574 that makes the surface tension of '[LeFlg. 3aand Table 1, the_ experlmgantfal cases-catbare
shown. These were experiments with insulating shields and

electrolyte about 40 dyn/c
« commercial additives

The conductivity of the electrolyte at 8@ was measured
K = 0.084 S/cm. The temperature during electrolysis T ¥
°C, pH = 4.3, and the average current density (cd)

0.01 A/cnm.

The polarization curves shown
in Fig. 2 were measured at a rotat- A
ing disc electrode (RDE) wittv = £.ea0H T
104.72 set (the diameter of the I
RDE was 4 mm). During nickel Do —
deposition, hydrogen evolution oc-
curs as a cathodic side reaction. At
an average cd of 0.01 A/érthe
fraction of the cd for hydrogen evo-
lution represented 7.06 percent and
for the total cd, 0.002 A/ciit was
4.7 percent. These values were used 'r_."
for estimation of the polarization Qs —
curve for hydrogen evolution. The B

O 0z0n

aoen —

rant dansity, Acm ©

QoD —

U

auxiliary cathodes (robbers). All the shields or auxiliary
cathodes had the same dimensions and positions correspond-
. ing to the outer corners of the cathode (F, D, B). In all these
' g periments, only one DC source

Wi@s used, with a voltage of 2.68. Anode 2

Anode 1
-

%
"\.H '\
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+ corners of the cathode
{1 measured cds
— calculated cds
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polarization curve used for the math- Ll
ematical modeling was obtained gaa
after the part of the current density

210, O 4000 &0 00 B0 VK] K 121000

Cathode boundary length, cm

representing hydrogen evolution Fig. 5—Local cathodic current densities obtained by calculation and estimated by measurement

was subtracted from the total cur-

of the thickness of deposited nickel. The experimentalaz8e cathode with non-conducting

. shields, dimensions and distances sketched in Fig. 3., &d@mm, ¢ =50 mm, ¢=20 mm.
rent density. In the sketch to the right, the positions of the corner cathode points A-H are shown.
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A set of calculations with variable position, dimensid

and shape of anode 1 was carried out (see Fig. 3b) as

Anodes 1 and 2 were connected to different DC source
explained below. These changes were combined with 3

tion of insulating shields close to the outer corners (B, D
F) of the cathode. The shape of the shield for corner D
changed, to cover better the shape of the cathode (see Fi
All the shields were enlarged compared to those of ¢
catl-cat5.Some of the calculated cases, denoteshasan4,
are sketched in Fig. 3b and explained in Table 2. Inarage
auxiliary anodes were used also, as explained in Table
The influence of different anode potentials was also s

ied. In caseanl-an4,the potential of the metal of anode

was
M,anode 1_ ¢ dM anode 1+ 05 V (8)

and the potential of the metal of the anode 2 was
M,anode 2_ q)OIdM anode 1 1 V (9)

where ¢oid = 2.68 V was calculated to obtain t

M,anode

averaged current density of 0.01 Afoom the flat, lower par
of the cathode (point A in Fig. 3).

Mathematical Modeling
The Laplace equation was solved in two dimensions, u

the Finite Element Method (FEM) with triangles. The mg¢

generator was used from commercial softwaral a solve

for the SCD was developed for this purpose. To simp

calculations the following assumptions were used.

1. It was assumed that concentration gradients were n
gible because of vigorous mixing of the electrolyte. T

distribution of potential can be obtained by solving
Laplace equation (1).

2. The electrochemical reactions at the cathode are:
Ni*?2 + 2e —> Ni (20)
2H"+ 2e —> H, (11)
and at the anode:
Ni = Ni*? + 2e (12)

anada

| = 7]

[ I

00300 -

=

-
-
-
E

ns The measured polarization curves, shown in Fig. 2, were
viitded for a current density near 0.01 Akaver the current
sdassity range of interest (Egs. 13-15). The anodic polariza-
1dibn curve is expressed as

ancE,.,,, =0.630 + 0.180 Idg,.,,,0 (13)
was

y.8810).the cathodic curve as

asef ., = -0.845 - 0.146 log], .., (14)

The polarization curve for hydrogen evolution is

t2.OI E,.n2 =-0.948 - 0.127 lo@j - (15)

u -

13. Conductivity ok =0.084 S/cm for T = 58 was assumed
to be constant in the entire electrolyte.

/N|

Results and Discussion

Inffluence  of Non-conducting  Shields on the

Local Cathodic Current Densities

In Figs. 4 and 5, the local cathodic current densities are
neshown, obtained both by mathematical modeling and esti-
mated by measuring the thickness of deposited nickel. In
all the figures, the abscissa is the length of the cathode
boundary.

The cathode has a complex shape composed of rectangular
siparts, as shown in Fig. 1. To follow the position of the local
>gturrent densities along the cathode, the coordinates x and y

were translated to the cathode boundary length, starting with
likero at point A in Fig. 1.2b and ending at point H. It should
be noted that the part of the cathode surface from H to | was
insulated (inactive during the electrolysis). The points Ato H
emdpresent the corners of the cathode. Figures 4 and 5 show the
hraeasured and calculated current densities along the cathode
hier the casesatl andcat3. The local maxima of the current
densities are positioned at the corners B, D and F. This
corresponds to the open space for current lines around these
points, the electrical field around them and the short distance
between them and the anodes. At the points C, E and H, there
are the local minima corresponding to the closed space
around these corners, the electric field around them and the
greater distances between them and anodes (see Fig. 1). As
can be seen from Figs. 4 and 5, the difference between the
current densities obtained by measuring the thickness of the
deposited nickel (using a micrometer)
and the calculated values is within 10
percent. A small difference exists at the
corners (points B to H), but, at those
points, it was difficult to measure the
deposited nickel layer because of the

y Anode 2

S

0.0250 —| 4 E

Cathode

g -

00200 —

D=l —

[
corner effect.

In Fig. 6, a comparison between the
local current densities obtained by the
casegatl (without auxiliary elements)

andcat3 (with non-conducting shields)

GLOE —

Current density, Acm =

0 oS0 —

4+ corners of the cathode
— ¢ase catl
— casa catd

is shown. The positions of the shields
(see distances and dimensiopsidand
d, in Fig. 3a and Table 1) were changed

SRt TR

00000 =

and 12000

030
Cathode Baundary kength, om

E0.00 oo QL N

Fig. 6—Comparison of the local cathodic current densities between thecaskewithout
¢=50 mm,

additional elements, ancat3with non-conducting shields (d 10 mm,

as explained above. The non-conducting
shields suppressed the local maxima at
points B, D and F by 10 to 34 percent,
depending on the position of the insulat-

d=20 mm); ing shield relative to the corner. Similar

see also Fig. 3. In the sketch to the right, the positions of the corner cathode points A-H are sha@sults were obtained for cases?2 to
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A B £ XL F GN maxima (approx. 20 percent) at
Lo e o y S L . S I S Y e v the outérpgorners,pbut th)ey
00450 —] i o ?\ caused two smaller maxima in-

' R stead of one larger.

0,000 — | [5F ! Casean4 showed that add-

: L4 P ing auxiliary anodes, close to
ks ! el i P the inner corners (C and E) of
T 00300 — Cathade the cathode, improved the cur-
= c B rent distribution along the cath-
g 0.02% — ode; also, the local minima
= ol showed a 100 percent increase
E- T compared to the other cases. To
B g — Case call optimize the current densities,

- —_—  Cosaad the parameters that must be
00100 — . e e changed are the geometry and
the positions of the auxiliary
00050 — +  Gomen of tha cathode anodes. Of course, it is not cer-
tain whether these solutions are
(DO ] .
acceptable from a practical
03,1080 paki 40060 000 B0 00 L. 0o 130002

Cathode boundary length, cm

Fig. 7—Local cathodic current densities calculated for the caatis an3andan4. The calculated

geometries are shown in Fig. 3and Tables 1 and 2. In the sketch to the
cathode points A-H are shown.

catb. Because of the great difference between the dimen
of the insulating shields and that of the entire cell, the e
of the insulating shields had a local character that exte
several centimeters around their positions, affecting
local current densities a few centimeters around the |
maxima.

Influence  of Changes in Position, Dimensions,
Shape and Potential  of Anodes Combined with
Insulating Shields and Auxiiary ~ Anodes

In Fig. 7, the cathodic current densities are shown for ¢
catl, an3andan4. The thin solid line shows the casatl
(cathode without screening elements and auxiliary €
trodes).

The change of the potential of the metal of anodes 1 3
(carried outin the casas3andan4) lowered the average ¢
at the flat part of the cathode. Technologically, the low r
between the average cd in that zone and the local cd
points of minimum (C, E) is beneficial for electrochemi
metal deposition. If these ratios are large, either points
E will represent points with a thinner layer of deposi
metal, or after a longer deposition time, the whole cath
will have to be polished to get a satisfactory layer of depog
metal. In the calculated casas1 to an3the current densi
ties at points C and E increased by 11 to 72.3 per
depending on the geometry.

When the potential of the metal of anode 1 was incre
by 0.5 V and the potential of anode 2 was decreased by
(caseanl) the local maximum at the corner B decreaseq
53.1 percent, but the local maxima at the corners D a
increased by 67 and 65.5 percent, respectively. The
minima (points C and E) increased by 64.7 and 22.7 per
respectively.

Casesan2andan3are examples of calculations to che
the combined effect on the local cathodic current densiti¢
the insulating shields and the anodes connected to diff

point of view.

Conclusions

The secondary current distri-

bution was calculated for a

metal deposition process on a

sicaghode of complex geometry. The calculated current densi-

feigls were in good agreement with values experimentally

nadstimated, using the measured thickness of the deposited
thizkel from a nickel sulfamate electrolyte. Auxiliary cath-

poales and insulating shields had a local effect on the cathodic

current densitied.€., several centimeters around them). An

arrangement with two different DC sources and with insulat-

ing shields placed in the vicinity of the outer corners of the

cathode gave the most uniform thickness of the nickel de-

posit. The local maxima were suppressed by approximately

as@spercent. Auxiliary anodes placed in the vicinity of the
inner corners of the cathode influence the local current

ledensities to a great extent. To obtain better results, optimiza-
tion of their parameters should be carried out in future work.

ndgeful information was obtained about the influence on the

dcathodic current densities of auxiliary electrodes, insulating

atghields and geometrical and electrical parameters of the main

atdhedes. That is a necessary step before further optimization

cadf the cell geometry and the selection choice of an acceptable

aredl for the metal deposition process.

ted The results show that for cells with a complex geometry

onhathematical modeling should be used to minimize the time

sitesleded for choosing a convenient configuration, shapes and

parameters of electrodes.
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