Prediction of Thickness Distrbution

Of Electrodeposited

Coatings

Using a Low-Cost Boundary Element Method

ByAF. Aveil,

Whether regarded in terms of the skills and time re-
quired, or the financial cost of commercial software,
considerable resources are usually required to determin
coating thickness distribution in electroplating processe
numerically. If care is taken, however, good results can b
obtained using low-cost boundary element software in
tended for thermal analysis. The determination of coat-
ing thickness distribution on a turbine blade profile,
using such software, is compared to results obtained wit
specialized electrochemical software.

Electrodeposition carried out for the production of hi
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nately, it is generally a straightforward matter to determine
the current efficiency variation with current density, so that

e its effect upon coating thickness uniformity can be easily

5 assessed and taken into account. Determination of the current

e distribution, however, is a much more difficult problem,

- which will require considerable resources, either in terms of
in-house mathematical and computing skills, or finance to
purchase commercially available software. Only in the case

h of very simple cell geometry is it possible to attempt to
calculate the currentdistribution directly by analytical means.
In the great majority of cases, it is necessary to employ

greomplex numerical procedures and computational algorithms

temperature, oxidation-resistant coatings usually requitbsit will be expensive in terms of time spent or monetary cost.

very special attention to thickness uniformity, because
not unusual for thickness tolerances of less than 10 perc
be specified. Very careful choice and control of the pro
conditions are needed to ensure this degree of uniformity
to avoid unnecessary costs and damage resulting from
ping unsatisfactory deposits from valuable component
many electroplating processes, where good thickness u
mity is essential, it is still the usual practice to rely larg
upon experimental results obtained by plating test pg
with different cell configurations and arrangements of an
and shield positions. Although it may be possible in s
cases to reduce the amount of experimentation by U
simple calculations that indicate the modifying effect
shield placementetc., the tentative approach is both ti

itThe procedures that can be used include finite and boundary
creleanent methods and, more recently, probabilistic meth-
Casgs®

and

st@paduction in Engineering  Fields

5. Htectrical conduction in electroplating cells is governed by
nithie same unified mathematical field theory as are electrostat-
elgs, magnetism, gravitation, conductive heat transfer, ideal
nélgd flow, and flow through permeable media. The essential
odeverning equation in field theory is Laplace’s equation,
bnadhich, in the three Cartesian directions, x, y and z, is

sing
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consuming and uncertain. If the shape and size of compo-

nents being processed are frequently being changed,
processing time is long because the plating rate is lo
becomes even more important to consider whether
feasible to obtain a numerical prediction of the coa
distribution.

The thickness distribution of the coating will depend b
upon the manner in which the current efficiency of the pla|
process varies with current density and upon the distriby
of the cathode current density. If the current efficie
increases with increase in current density, then the dist
tion of coating thickness will be more uneven than
distribution of the current suggests, whereas decrease
current efficiency with increasing current density will p
mote improved uniformity of thickness distribution. For

bnihere g is a scalar potential having meaning dependent on the
Wtyipe of field being considered. For thermal and electrical
itcisnduction, and flow through porous media, the scalar poten-
ingal is shown in Table 1 as temperature, electrical potential

and pressure, respectively. The quantities flowing or being
odonducted in these fields are also given in Table 1, together
tingth the meaning and dimensions of the constant that relates
itigie gradient of the scalar potential to the flux density in
N@tcordance with

ribu- , 09
the Flux density = 43?
gyBrP]%re n is the direction of flow. In this equation, the negative

sign is added to ensure that the flux density is a positive

uquantity. Determination of the flux density requires Laplace’s

Table 1

SomeAnalogous Quantities

Thermal Conduction

Flux Heat flow Q (Watts)
Flux density g W/rh

Field intensity Temp gradient K/m
Constant Conductivity k, W/mK

Scalar potential Temp T, K
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in Field Theory
Electrical Conduction Flow Through Porous
Media

Fluid flow Q, ¥sec
Velocity v, m/sec

Pressure gradient, Pa/m
Permeability k, rfsec kgt
Pressure P, Pa

Current I, A
i A/Im?
Potential gradient E, V/m
Conductivity R-tnr*
Potential g, V
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Table 2

Comparative Quantiies  in Thermal & Electrical
Thermal analysis  Conduction in

Conductivity k WmtK-* k Q-tmt
Surface resistance REK RQ

Surface transfer coeff. h Wit (dn/di)* Q-tmr2
Ambient scalar potential TenfiC

equation to be firstintegrated. This is accomplished by ta
into account the physical geometry of the conducting m
and conditions at all of the internal and external bounda
These boundary conditions will be specified so as to indi

(1) the position of non-conducting vessel walls or ad
internal shields where the scalar potential grad
normal to the boundary is zero;

(2) the position of sources or sinks of heat, electr
current (electrodes) or fluid where the magnitude
scalar potential or the scalar potential gradientis sp
fied.

In practice, the solution of Laplace’s equation will requ
anumerical procedure, such as the boundary element me
This is now a firmly established engineering tool for
solution of conduction problems in thermal analydishas
also found some application in the solution of cathg
protection problenfsand has been applied to the determi
tion of current distribution in electroplating celfs!® The
boundary element method is especially useful for sol
problems with singularities or with large gradients of sc

Electrode potential with no current flow, V

Kilng Electical
ediBermal
ri@® solve for primary current distribution or simple heat
C&@nduction that depends wholly upon the geometry of the

computers to run numerical
analysis software has in recent
years dropped dramatically, put-
ting the possibility of using
boundary element software to
predict coating thickness distri-
bution within the reach of even
small plating shops.

Conduction
electrodeposition cells

Boundary Conditions
&
Conduction

system, it is necessary only to assign comparatively simple

dedundary conditions. For insulating walls or shields, the

epbtential or temperature gradient at the boundaries will be
designated as zero, whereas the boundaries of the electrodes
cal heat sources or sinks will be specified directly in terms of
ebnstant potential or temperature values. While the actual
ecitrrent density or heat transfer rates will also depend upon the
magnitude of the conductivity constant and the designated
anode and cathode potentials, the shape of the distribution
in&ill not. Accordingly, to determine the distribution of pri-
thesky current density requires only that the configuration of
hgre plating cell is indicated.

Although determination of primary current distribution
dinay be adequate for many purposes, in situations where more
N&ccurate simulations are required, itis necessary to determine

the secondary current distribution where the modifying effect
ind electrode polarization is taken into account. In this case, it
lar necessary to specify not only the configuration of the

potential. Although much of the commercial software aveiblating cell, but the size of the cell also, as well as the solution
able is not able to deal very well with nonlinearity in matefigbnductivity and electrode polarization. The effect of elec-
properties, this is not likely to be a problem with electrodgpgede polarization on the current distribution is to impose a

sition processes, where a constant value for the sol
electrical conductivity can be assumed.

The commercial cost of specialized boundary elen
software available for use with electrochemical system
generally high, being on the order of several thousand po
inthe UK for a single user license. Provided care is taken
regard to equivalence of the various quantities and spec
tion of the correct boundary conditions, however, it is g

sible to take a method intended to solve Laplace’s equat
for one field application and use it to solve for the flux densi

in a different application. In this way, much more widg¢
available and less costly software intended for thermal an
sis can be readily used on a PC platform to predict coa
thickness distribution in plating cells. Such software is 1]
commercially available for two-dimensional boundary &
ment analysis for a fraction of the cost of specialized softy

packages. Moreover, the cost of necessary fast pers

L0

Fig. 1—Simple plating arrangement used in simulations to assess errd

tirface resistance to current flow much as the way a convec-
tion boundary layer imposes resistance to heat flow.

entThe surface resistance associated with electrode polariza-

stisn is indicated by the slope of the cathode overpotential vs.

uedarent density relationship. If this slope

with
fica- dn
0s- di

gﬁnexpressed in units of Volts?Amp (.e., Q m?), the
rface resistanc&] is given by the slope divided by the
rea in square meters. Although the surface resistance will
l‘t"k/Ya'ry with the current density, as shown, it is usually the case
WAt only a relatively limited range of current densities need
1 considered in any particular current distribution. Accord-
ﬁngly, provided the slope taken is that of the tangent to the
Ay
Weftlie for

e at the average applied current density, then a constant
_dn

di
can be taken to provide a reasonable approximation for the
surface resistance. In comparison, the convective surface
resistance in heat transfer studies equals 1/(ha), where his the
heat transfer coefficient in units of Wi* and a is the area,
again in square meters. From this, it is clear that the quantity
equivalent to the heat transfer coefficient in thermal analysis
is the reciprocal of the polarization slope in electrical conduc-
rdi@n. A summary of the important quantities required for

5
h

S

computations with linear approximation of polarization slope.
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boundary element determination of current distribution is

PLATING & SURFACE FINISHING



—
——_

CaRiomiing Mo

=l | Y §
f | i
' ' ‘
. i . .'-I_.-" &
" . L _.-

— = P am— ! = r-I- Borin on ina pavisd

. L . . Fig. 3—Error in the predicted coating thickness distribution on an aerofoil
Fig. 2—Error variation of coating thickness computed for the platingrofile, using the linear approximation of the polarization curve at the
arrangement of Fig. 1, using different linear approximations of the polagyerall applied current density.

ization slope. Slope 2 is the slope at the overall applied current dersity;

slopes 1 and 3 correspond respectively to current densities smallef and

larger than the overall value. determined over the current density range 1-40¢/Sathat
coating thickness distributions could finally be obtained.
given in Table 2. The ability of the boundary element method to predict
coating thickness distribution accurately, under the normal
Boundary Element Prediction operating conditions for the process, was confirmed by
Of Thickness  Distribution comparing predictions with results obtained by depositing

The configuration of the plating cell must first be reprehe coating onto carefully prepared segmented cathodes.
sented, either by manually entering the coordinates of thiter separating the segments at the completion of plating,
lines or shapes of its geometry, or by importing existing datee amount of coating material deposited was determined,
from a design package. When the geometry has been definesihg atomic absorption analysis. Close agreement was found
generation of the mesh and boundary elements is generbiyween the experimentally determined distributions and
carried out automatically with very little prompting of thealistributions predicted using specialized electrochemical
user. Electrode potentials, solution conductivity and polaseftware for boundary element analysis.

ization slopes must now be specified in the equivalent ther-A series of two-dimensional boundary element computa-
mal analysis form, as discussed earlier. The conductivitytisns was carried out to assess the range of errors likely to be
introduced as a general material property, whereas the antbielved in using linear approximations of polarization slope
ent potential and polarization slopes are assigned specificalith the thermal analysis software. The simple plating ar-
as boundary conditions at the electrodes. rangement considered for the simulation is shown in Fig. 1.

Numerical computation is carried out when the probleiro provide an accurate determination of coating thickness
has been completely defined and the discrete equatidistribution for comparison purposes, the first boundary
automatically set up and solved. The final post-process statgment computation of current density distribution was
istoread in the values obtained in the solution and for the|usamied out using the specialized electrochemical software
to select the quantities to plot or display. If the plating curfettiat fully takes into account the non-linear nature of the
efficiency varies significantly with the current density, thipolarization slope. Results obtained for an overall current
may need to be taken into account by multiplying individudensity of 50 A/mwere then corrected for current efficiency
local current densities by the appropriate individual gfficariation to give the coating thickness distribution. This
ciency figure for that current density. The distribution olprocedure was repeated using the thermal analysis software,
tained will be equivalent to that of the coating thicknes®nsidering in turn three different values of linear polariza-
distribution. Should it be required to display the actu#ibn slope, as shown inset in Fig. 2. The coating thickness
coating thicknesses in the distribution, it then becomes ndistributions obtained were compared with those from the
essary to take into account the density of the coating, apgpecialized software and error values computed. These re-
apply Faraday’s laws of electrolysis. sults, givenin Fig. 2, confirm that the error is smaller, overall,
and more uniform when the linear value of the polarization
Simulation  of High-Temperature, slope is taken at the overall current density value (slope 2)
Oxidation-Resistant Coating Process rather than at lower (slope 1) or higher (slope 3) current
For aerospace applications, nickel-based composite codtidgasities. Where the polarization slope is taken at a high-
are deposited onto nickel superalloy aerofoil cross secticurrent-density region, the errors will be insignificant, but
components of precise dimensions. In the process, platingassiderable at low-current-density regions. The converse of
carried out under carefully controlled hydrodynamic condeourse applies where the polarization slope is taken at a low
tions. current density.

The necessary electrochemical data for carrying out boundThe thickness distribution of coatings produced on a two-
ary element computation were obtained by measuring tiemensional aerofoil cross section at a current density of 50
electrical conductivity of the solution at the normal operafinfydm? with conforming anodes was next considered. Again,
temperature and by determining the cathodic overpotentiah initial determination was made using the specialized
current density relationship, using a potentiostatic techniggeftware able to take the entire variation of polarization with
The current efficiency change with current density was alsorrent density into account. This was repeated, using the

May 1997 129



thermal analysis software with a linear polarization sl
value corresponding to the overall current density (slop
Fig. 2 inset), and the error values calculated, as shown ir
3. It is clear from these results, that, except for the s
trailing edge of the aerofoil (points 1 and 41), where
current density exhibits a sudden increase, there is, in

bpe Engineering Applications, C.A. Brebbia, Ed., Computa-
e 2, tional Mechanics Publications, Southampton, UK, 1990;
Fig. Ch. 6.

haj J.S. Bullock, G. Giles and L.J. Gralid., Ch. 7.

thd. B.D.Cahan, D. Schersonand M. RBiac. Electrochem.
this Soc. MeetingQct. 13-18, Las Vegas (1985).

case, remarkably little error in the thickness distributiorb. A.F. Averilland A. Anisi,Trans. IMF,73(1), 26 (1995).

determined with the thermal analysis software.

Summary

It has been shown that, providing care is taken to ob
appropriate and reasonable linear approximations for
cathode polarization slope, very good results can be obta
using low cost and readily available boundary element g
ware to determine electrodeposited coating thickness d
bution. This can prove very beneficial in practice, resultin
great saving of time in the laboratory or plating shop.
possible with relatively little effort to predict the effect on
coating distribution of repositioning anodes or shields in
plating cell or, for example, to determine the effect of cha
ing the design of conforming anodes for a particular app
tion.

Editor's note: Manuscript received, May 1996.
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