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MODELING OF THE ELECTROCHEMICAL MACHINING PROCESS 

James Beauford Riggs 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Chemical Engineering, University of California, 

Berkeley, California 94720 

ABSTRACT 

A computer-implemented model for predicting ECM work piece geometry 

was developed and then verified by electrochemically sinking holes in 

copper and 302-stainless steel using a commercial ECM machine. A tool 

piece of cylindrical symmetry was chosen because it provided a two-

dimensional problem and also because of its mechanical simplicity. 

The model was developed to predict the dep~ndence of £CM work piece 

geometry on the operating conditions of the process (i.e., electrolyte 

conductivity, applied voltage, and tool piece feed rate) and on the 

physical and electrochemical characteristics of the electrodes 

(e.g., anodic current efficiency, reversible cell potential, and. 

charge transfer overpotential). 

The operating conditions for the electrochemical machining of copper 

were adjusted to avoid any part of the anode being in the transpassive 

region because of the lack of quantitative data describing the anodic 

films formed during transpassive dissolution. Because neither the 

reversible cell potential nor the charge transfer overpotential of the 

electrodes was known for the systems under consideration, an estimate 

of their combined effect was deduced from several experimental profiles. 

This empirically determined estimate of the potential drop excluding 
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IR drop was found to be in reasonable agreement with the theoretical 

predictions. The empirically determined estimate was used by the model 

in the prediction of eight equilibrium ECM cuts and of six unsteady-state 

profiles for copper and gave satisfactory correspondence with experiment. 

A similar approach was used for model predictions for 302-stainless 

steel. 

A method of correlating characteristics of equilibrium ECM cuts 

with the operating variables was also presented. This method can be 

used to predict the operating conditions which yield the desired cut 

dimensions. 

The results of this work should be useful in advancing our under-

standing of the complex phenomena occurring in electrochemical machining 

processes. Interpretation of the behavior of the model, confirmed by 

comparison with experiment, provides clues for simplified tool design· 

procedures, and for reasonably accurate prediction of the effects of 

changes in operational parameters on the geometry obtained in the work 

piece •. 

For industrial applications it would be impractical to use the 

complete modeling procedure developed for the purposes of this study 

because of excessive computer time and storage capacity requirements, 

and also because of the paucity of relevant electrochemical data on 

commonly used electrolyte-metal pairs. 

' w 
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I • INTRODUCTION 

A. Electrochemical Machining 

Electrochemical machining (ECM) is cutting or shaping metal employ-

ing high-rate anodic dissolution. When one applies traditional machining 

terminology to an ECM process, the anode is the work piece and the 

cathode is the tool piece. As current is passed through an electrolyte 

which flows between the electrodes during ECM, the primary anodic 

reaction is the dissolution of the metal. In ECM the current densities 

range from 15 to 300 A/cm2 corresponding to cutting speeds on the order 

of .1 to 1 em/min with small electrode separations which are between .01 

and .1 em. The electrolyte is pumped between the electrodes at flow 

velocities.which are usually greater than 200 em/sec. 

Conventional machining is essentially based upon the tool piece 

being made of a metal which is harder than the work piece. For some of 

the modern materials such as hastelloy, inconel, tungsten carbide, etc., 

it becomes extremely difficult, if not impossible, to machine these 

materials using conventional techniques. The major advantage of ECM is 

that the hardness of the work piece has little effect on metal cutting 

using this technique. Only the electrochemical behavior of the metal-

electrolyte system determines the electrochemical machineability of 

a metal. 

Using ECM, one obtains superior surface characteristics from the 

standpoint of stress and finish. One can also make certain cuts that 
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would otherwise require several separate operations or that would be 
. . 

impossible to perform using conventional machining. A major dis-

advantage of ECM is the high capital investment required. This is 

because additional systems are required; these include the power system, 

electrolyte circulation system, cutting chamber, and tool advance 

system. ECM also has a high cost associated with tool piece design. 

Another disadvantage of ECM is the relatively low cutting rates employed 

(.1 to 1 em/min). The metal hydroxide precipitate, which is produced 

as a by-product of ECM, creates a solid waste disposal problem. Because 

of the lack of understanding of ECl1 and its high capital investment 

requirements, ECM is usually employed only when conventional machining 

becomes impractical. 

Applications of ECM can be classified into five groups: forming, 

turning, finishing, drilling, and trepanning. Electrochemical forming 

is the most widely used application of ECM. The aircraft industry uses 

ECM to form engine castings. Parts of a turbine rotor disc are turned 

electrochemically. The automotive industry uses electrochemical honing 

and deburring to finish various metal parts. Cooling holes in turbine 

blades are drilled electrochemically. The length to diameter ratio of 

these holes is such that it would be impossible to drill them 

conventionally. Electrochemical trepanning is used to cut a shaped 

aperture in a piston engine sleeve valve. This operation is several 

1 
times faster using ECM than if it were done using traditional methods. 

Although the first record of ECM is a patent by W. Gussef in 1929, 

the first practical application of ECM did not occur until the late 
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1950's, when Battelle Memorial Institute electrochemically formed 

aerofoil surfaces of turbine blades for gas turbines. 1 

There are several books11- 13 which outline the principles and 

applications of ECM. A comprehensive list of the current industrial 

1 practices of ECM to 1970 is presented in a book edited by Kuhn. 

Because of the expensive trial-and-error procedure associated with 

tool piece desgin, considerable efforts have been made at modeling ECM 

to predict the tool piece geometry that would produce the desired work 

piece cut. One of the first models for ECM was developed by Tipton. 2 

He applied Ohm's law to an ECM equilibrium gap with a variable 

electrolyte conductivity. Variations in current efficiency and charge 

transfer overpotential were neglected. Tipton also presented a largely 

qualitative application of his model to the problem of tool piece 

design in which he· 'used the cosine law of equilibrium ECM geometries. 

25 Hopenfeld and Cole also derived a model for a frontal gap taking 

into account conductivity as a function of temperature and of gas void 

fraction.' Dependence of overpotential and of current efficiency on 

current density were not included in their analysis. The effects of 

the operating conditions on the frontal gap were studied experimentally 

using a small ECM flow cell and were compared with results predicted 

by the model. 

A nomogram was developed by ~onig et al. 3 ' 4 for choosing the fastest 

tool piece feed rate for a specific tool geometry. The semi-empirical 

nomogram crudely takes into account current efficiency and overpotential. 

The limiting factor for the maximum tool piece feed rate was assumed 
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to be the boiling of the electrolyte. 

A method for the prediction of the side gap in ECM hole sinking 

in the steel was outline by Diett etal. 5 ' 6 The side gap, which was 

considered by the authors to be strongly influenced by hydrogen 

~volution, was correlated with the frontal gap. It i~ possible that 

the effect that Dietz attributes to hydrogen evolution might in fact 

be caused by a current efficiency that decreases as the current density 

is reduced. 

9 Thorpe and Zenkle presented an analysis of the frontal gap 

considering the effects of void fraction and temperature on the 

electrolyte conductivity. The effects of two phase fluid flow were 

also considered in this analysis, while activation overpotential 

and non uniform current efficiency were neglected. 

. 7 8 
Loutrel and Cook ' described a numerical model for the electro-

chemical machining of iron, with NaCl electrolyte, in a parallel plate 

system. The model considered heat effects, gas evolution, over-

potential, transport equations, and current efficiency. Because of the 

ill-defined inlet and outlet boundary conditions of their system, the 

model exhibited large deviations from the experimental results in the 

inlet and outlet regions. Only a moderate correspondence between model 

and experiment was demonstrated, suggesting a lack of information on 

the effect of hydrodynamics on the mode of dissolution and on current 

efficiency variation with current density. 

A novel mathematical tool piece design procedure ~ich involves 

. 10 
a coordinate transformation has been formulated by Nilson and Tsuei. 
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The method predicts the tool piece geometry for a cartesian coordinate 

system neglecting overpotential and variations in current efficiency. 

No experimental verification of their model was made. 

In summary, the modeling efforts to date range from simple 

correlation-type models to more complicated numerical routines, but none 

of these methods models a complete ECM work piece geometry taking into 

account all the relevant factors. 

B. Scope 

This study sought to develop a computer-implemented model for an 

ECM work piece geometry and to verify it by electrochemically machining 

different metals using a commercial ECM machine. It was necessary to 

judiciously choose a tool piece geometry which would be practical both 

for modeling and for experimental work. A cylindrically symmetrical 

tool piece was chosen because it provided a two-dimensional problem for 

the model, and it could be easily constructed. The model was implemented 

by a finite difference solution of Laplace's equation for cylindrical 

coordinates taking into account temperature effects, overpotential, 

gas evolution, .and current efficiency. To verify the model, copper 

and stainless steel 302 were electrochemically machined over a range of 

• 
operating conditions with different tool piece geometries using 2N KN03 

electrolyte. 
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II. MICROSCOPIC DESCRIPTION OF ECM 

A. ECM Operating Variables 

The parallel plate geometry (Fig. 1) is used here to demonstrate 

the effect of the operating variables on ECM. The cathode is advanced 

toward the anode at a constant rate F • At steady-state the anode is 
r 

dissolving so that the electrode separation, d, remains constant; 

therefore, the anode-electrolyte boundary is also receding at F • This r 

can be expressed as follows, 

or rearranging, 

F = r 

i = 

iMr) 
nFp 

nFpF 
r 

The application of Ohm's law results in the following equation: 

i = k6.V 
d 

Equating Eqs. (2) and (3) yields an expression .for the electrode 

separation in terms of the operating variables and the physical 

properties o.f the anode. 

d = MK6.Vl') 
nF F 

r 

By examination o.f Eq. (4), one can ascertain the effects of the 

operating variables, K, 6.V, F , on the electrode separation. In the 
r 

(1) 

(2) 

( 3) 

• 

(4) 
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Feed 
direction 

Y/////f~ 
Cathode /h 

Fig. 1. Parallel plate EQ1 geometry. 

XB L 763-2557 
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next chapter, Eq. (4) is used to correlate geometric characteristics 

of equilibrium ECM geometries with the operating variables. 

B. Electrolyte 

In ECM the electrolyte serves three main functions: as a medium 

which transmits current between the electrodes, as a heat sink, and as 

a means of removing reaction products, i.e .. , metallic precipitate, 

dissolved reaction products and gases. The most commonly used 

electrolytes are the sodium and potassium salts of nitrate, chlorate, 

and chloride. The electrolyte conductivity which is a function of 

composition, temperature, and gas void fraction has a significant effect 

on the ECM equilibrium geometry (see Eq. 4). Unless the solution is 

nearly saturated, the conductivity increases with electrolyte con centra-

tion. Electrolyte conductivity increases exponentially with temperature 

as shown by Eq. (5), 

K K exp(a(T-T )) 
0 0 

where .02 <a< .025 for most electrolytes. Gas void fraction tends 

to reduce the electrolyte conductivity. Equation 6 was developed by 

D 1 R d T b . 14 d 1 h" ff e a ue an o 1as to mo e t 1s e ect. 

K = K (1 - £)1. 5 
0 

Cathodic hydrogen evolution under ECM conditions has been Studied 

optically. 15 More detailed descriptions of electrolyte conductivity 

. 16 17 
can be found in several classical electrochem1stry texts. ' 

• 

(5) 

(6) 

-. 
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C. Electrode Reactions 

Characteristics of electrode reactions have several means of 

influencing ECM equilibrium geometries: through the valency of the 

dissolving metal, through the anodic current efficiency, through the 

reaction products generated, and through the voltage drop across the 

electrode-electrolyte surfaces. 

Most metals used for commercial purposes form ionic species with 

valencies ranging from +1 to +3. Some metals have multiple ionic 

valencies of dissolution. For example it is well known that copper 

h f d . 1 . 18 + d ++ as two valencies o ~sso ut~on, Cu an Cu . For alloys the valency 

of dissolution is the molar average of the valency of dissolution of the 

components. 

The anodic current efficiency is the percentage of the anodic 

current that is consumed by the dissolution of the metal based upon a 

specific valency of dissolution. Using current efficiencies to report 

dissolution data imples _that there are anodic side reactions, e.g., 

oxygen evolution. If there are both side reactions and multiple 

valencies of dissolution, choosing between current efficiency and 

average valency of dissolution to report dissolution data is quite 

arbitrary. 

For most metal-electrolyte systems, the current efficiency and 

the valency of dissolution are functions of current density, electrolyte 

composition, pH of the electrolyte, the hydrodynamics of the system, 

and applied voltage. Anions may also undergo chemical changes in 

electrode reactions in ECM. For example, nitrate and chlorate ions are 
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cathodically reduced while chloride ions are oxidized to chlorine gas 

at the anode. Also the solvent may become oxidized or reduced. 

D. Effective Voltage 

It is more convenient to use the effective voltage in place of the 

applied voltage in Eq. (4). The effective voltage can be defined as 

the potential difference between the solution side of the anode and the 

solution side of the cathode, while the applied voltage is the potential 

difference between the two metal electrodes. The effective voltage 

is lower than the applied voltage due to the reversible cell potential, 

charge transfer overpotential, and possibly ohmic drops through resistive 

films on the electrode surfaces. 

The potential drop due to the thermodynamic energy requirements of 

the electrode reaction is given by Eq. (7). 

~VRXN = -n F~GRXN (7) 

Charge transfer (activation) overpotential, i.e., the irreversible 

electrode potential loss which results from the electrode reactions 

preceding at a finite rate, may be approximately described by the 

Tafel equation (Eq. 8). 

= B ~n(i/i ) 
0 

(8) 

Potential drops can result for concentration gradients 

near the electrode surfaces. This voltage drop (concentration over-

potential) is 
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RT 
nF 

20 A more comprehensive treatment of this topic is given by Vetter and 

21 Delahay. 

(9) 

Anodic resistive films are formed under conditions of transpassive 

dissolution. Landolt et a1. 19 observed film voltage drops between 20 

and 30 volts for the transpassive dissolution of copper. An extensive 

20 
study of anodic resistive films of copper was reported by Cooper. 

25 Hoare presented a study of transpassive film formation in various ECM 

electrolytes. 

Taking into account the voltage drops at the electrodes, Eq. (10) 

gives the relation between effective and applied voltage 

!'J.Veff = ~V 1' d- !'J.VRXN- ~VCT- ~Vf'l - ~V app 1e 1 m cone. 
(10) 
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURE 

A. Equipment 

The technical ECM equipment (Fig. 2) that was used to collect the 

experimental data is an 8-inch ECM Job Shop Gun Drill marketed by 

Hanson-Van Winkle-Munning Company of Matawan, New Jersey. It consists 

of a power system, an electrolyte system, and a cutting chamber assembly. 

The power system (Fig. 3) rectifies line AC to DC and provides 

up to 24 volts at 500 amperes DC. The electrolyte·system (Fig. 4) is 

comprised of two electrolyte tanks, two pumps, tray filters above each 

tank, and various electrolyte lines. The entire electrolyte system is 

constructed of corrosion resistant polymers and stainless steel. 

Owens-Corning R-19 fiberglass insulation is used to filter the metal 

hydroxide precipitate cut of the solution. The fiber glass and the 

solution which is filtered are supported by stainless steel trays which 

have a coarse screen bottom. The feed tank has a capacity of almost 

250 liters, while the storage tank has a capacity of about 180 liters. 

Electrolyte is transferred from the storage tank to the feed tank by a 

1/5 h.p. centrifugal pump which has a capacity of about 350 cc/sec. 

Electrolyte is fed to the tool piece by a 3 hp centrifugal pump which 

is capable of providing a flow rate of 500 cc/sec at 90 psig. 

The cutting chamber assembly consists of the cutting chamber, .the 

tool advance mechanism, and the control panel. The cutting chamber has 

an inspection window (Fig. 5) on the chamber door, an observation light 
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Fig. 2. Conunerci.al ECN unit. 1. Power System, 2. Cutting Chamber Assembly, 3. Electrolyte 
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XBB 7610-9 313A 

Fig. 3. Power System: 1) Pow r switch for entire unit, 2) Powerstat 
3) Current overload adjustment. 
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Flow diagram for ECM electrolyte 
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Fig. 4. Electrolyte System. 
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CBB 7610-9 312A 

Fig . 5. Cutting Chamber Assembly. 1) Upper Electrical control limit 
switch, 2) Lower Electrical control limit swit h, 3) Chamber 
door 4 air inlet hole, 5) Chamber door electrical control 
switch, 6) accordion connection, 7) Ram guide, 8) Dial indicator 
of ram position. 
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(Fig. 6) in the chamber, a 3-inch l ine (Fig. 6) to a hood, a baffl ed 

air inlet hole (Fig. 5), cross and longitudinal feed (Fig. 5) adjustments 

for the entire chamher, and mounts for both the tool piece and work 

piece (Fig. 7). The air inlet hole and the line to the hood function 

to remove any gases produced during the ECM process . A chamber door 

limit switch (Fig. 6) shuts-off all power to the process if the door 

is not securely closed. The major components of the tool advance 

mechanism are the tool advance motor and gears and the ram advance guides 

(Fig. 6). There is also an accordion type connection between the 

cutting chamber and the tool advance ram. This connection prevents 

leakage of the electrolyte during operation of the process. The dial 

indicates the ram's position to within one-thousandth of an inch. The 

limit switches automatically shut-off the process power if the feed 

ram is retracted or advanced past preset limits. 

The control panel (Fig. 8) has an ammeter, a voltmeter, switches 

·which activate pow_er to various pieces of the equipment, and an emergency 

'shutdown button. A calibrated shunt is used to measure the applied 

voltage ~nd the current that is passed between, the workpiece and the 

tool piece. These voltage and current values can be alternately displayed 

on a Weston Model 1230 3 ~ digital display meter. The switches control 

power to the electrolyte pump, the tool advance system, and the voltage 

applied between the tool piece and work piece. The tool piece feed rate 

is selected by setting a potentiometer mounted on the control panel. 
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XBB 7610-9310A 

Fig. 6. Cutting Chamber Assembly: 1) Longitudinal feed adjustment, 
2) Transverse feed adjustment, 3) Observation light, 4) ram guide 
5) Chamber door, 6) Accordion connection, 7) Chamber ventline, 
8) Chamber door electrical control switch. 
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Fig. 7. Inside view of cutting chamber. 1) Tool piece, 2) Work piece 
Note that the tool piece shown in Fig. 9 was used to make ECH 
cuts presented in this thesis. 
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XBB 7610-9311A 

Fig. 8. Con trol Panel. J) Voltmeter/Ammeter Ecadings were determined f rom 
the difference ln readings before and during operation. 2) Power 
switch for electrolyte pump, 3) Emergency shut down b utton, 4) Power 
switch for reactiflcr, 5) Power switch for tool advance mo t or 
6) Po tentiometer for adjustment of feed rate. 
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B. Experimental Procedure 

The tool piece is constructed first. It is made from a 4-inch 

long section of brass rod, usually 3/4-inch in diameter, and a 

3/8-inch thick slice of a 2-inch diameter brass rod (Fig. 9). - The 

2-inch diameter rod is used as the base of the tool piece and is 

machined so that it can be attached to the tool piece mount in the 

cutting chamber. A 1/4-inch diameter hole is bored in the 4-inch 

section of brass rod. A bugle type lip is machined on the inside 

diameter at one end of the rod using a corner radius cutter on a lathe. 

The rod is then silver soldered to the base. After sand blasting the 

outside surface of the tool piece, the characteristic dimensions of 

the tool piece are recorded. The outside of the tool piece is then 

coated with Kynar, a vinylidene fluoride resin. This resin is 

applied several times using an airbrush, and the tool piece is baked 

after each application for 15 minutes at 280°C. Before each run the 

inside hole and the front end of the tool piece are polished on a 

lathe using 000 emergy paper. 

Before each set of runs, the following procedure is used. All the 

electrolyte is removed from the tank, the tanks are cleaned, the inside 

of the cutting chamber is washed, and all lines are flushed with water. 

Then about 100 pounds of reagent grade KN0 3 is added to the feed tank 

followed by enough water to make about 200 liters of solution. Because 

the dissolution of KN03 in water is endothermic and the solubility of 

KN0 3 has a positive temperture coefficient, several days are usually 

required to completely dissolve the KN03 • Finally, water is added to 
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Fig. 9. Tool piece and its components . 
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adjust the solution density to 1.12 g/cc (- 2N KN0 3) at 20°C. 

The freshly polished tool piece is now attached to the tool piece 

mount and the work piece is clamped to a brace (Fig. 8) which is in 

electrical contact with the anodic branch of the power system. The 

work piece is a l-inch thick piece of metal plate which is usually 

1 3 2- inches square. The tool piece is advanced toward the work piece 

until the two electrodes are in electrical contact. The tool piece 

is then raised .050 inches above the work piece. 

Fresh fiber glass insulation is placed in the filtering trays 

above the electrolyte tanks. Next the desired settings for the tool 

piece feed rate and for the powerstat are selected and recorded. 

When the cutting operation is started, the electrolyte flow is 

first established, then the voltage between the tool piece and the 

work piece is applied, and finally the tool piece advance mechanism is 

activated. 

After the current reaches steady-state, and the system is maintained 

at this steady-state operation for several minutes. Process data are 

collected and the system is shut down. Normally steady-state operation 

occurs after a depth of cut of from .2 to .4 inches depending upon the 

height of the peak ' in the bottom of the hole. The larger peaks require 

a deeper cut to reach steady-state conditions. 

The tool piece is then removed and inspected for insulation failure 

or formation of cathodic films. The work piece is removed and milled 

to expose the cross section of the hole that was electrochemically 

machined (Fig. 10) . The cross section in deburred using a small diameter 
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Fig. 10. Work Piece after milling. 
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circular file and then is photographed using Polaroid Land Projection 

film type 46-L. The film is mounted in a slide frame. The diameter of 

the hole and the height of the peak in the hole are measured using a 

Vernier caliber. 

Listed below are the process data that are collected for each 

experimental run: 

Ram dial indicator reading before run 
Ram dial indicator reading after run 
Tool piece feed rate setting 
Powerstat setting 
Tool piece feed rate (measured using ram dial indicator readings) 
Electrolyte inlet temperature 
Electrolyte outlet temperture 
Current at steady-state 
Voltage at steady-state 
Inlet electrolyte pressure 
Electrolyte flow rate 
Characteristic dimensions of the too1 piece 

From the cross section of the ECM cut, the following data are recorded: 

Hole diameter 
Peak height 
Slide of the cross section 

The experimental equilibrium ECM profile is traced on graph paper 

by aligning the projection with the measured values of hole diameter 

and peak height. 
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IV. MODEL DESCRIPTION 

A model has been developed which predicts the dependence of ECM 

work piece geometry on the operating conditions of the process and on 

the physical and electrochemical characteristics of the electrodes. 

A. Derivation of Laplace's Equation 

A model which predicts ECM work piece geometries must be able to 

predict the current distribution along the work piece surface. The 

current at a point on the work piece is equal to the product of the 

solution conductivity and the normal derivative of the potential at 

that point on the surface 

i 
s -K ( ~!) 

s 

To evaluate i , it is necessary to know the potential distribution 
s 

(11) 

in the electrolyte. The current transmitted between the electrodes by 

ionic migration, diffusion, and by convection is22 

i = I 
i 

2 2 2 -z.F u c.V¢ 
1. 1. 

L z.FV.Vc. + Fv I z.c. 
i 1. 1. 1. 1. 1. 

(12) 

Because of the very high flow rates and consequently, thin mass transfer 

boundary layer, the curr~nt in the interelectrode gap can be closely 

approximated by 

(13) 
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If one applies the conservation of current assumption, the following 

equation results. 

V • i = 0 = V • (KV4>) 

Neglecting variations in conductivity,Laplace's equation is obtained. 

' 

B. Modeling Approach 

(14) 

(15) 

The inherent stability of equilibrium ECM geometries is used by the 

numerical model to predict ECM hole shapes. A work piece geometry is 

referred to as the equilibrium ECM geometry if its shape with respect 

to the tool piece remains unchanged with time. If the electrode 

separation for the geometry shown in Fig. 1 is smaller than the 

equilibrium electrode separation, the current will be larger than the 

steady-state current, causing the electrode separation to increase. 

If the gap is larger than the equilibrium gap, the current will be less 

than the steady-state current and again the system will move toward 

its stable geometric configuration. The same stability holds for all 

ECM equilibrium geometries. 

This driving force toward equilibrium is utilized in the numerical 

model as follows: An initial guess of the ECM equilibrium geometry is 

first made. Laplace's equation is solved with the proper boundary 

conditions. A new ECM geometry is calculated using the current 

distribution and the corresponding Faradaic efficiency for the work 

piece with an appropriate time step. This procedure is continued until 
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the ECM geometry attains its equilibrium configuration. Amplification 

of errors in the calculation of the work piece configuration will result 

if too large a time step is chosen. 

C. Model Geometry 

The actual tool piece-work piece geometry considered is shown in 

Fig. 11. The problem is simplified by taking advantage of the cylindri-

cal symmetry (Fig. 12). To implement the aforementioned ECM modeling 

scheme; one must first solve Laplace's equation for this geometry. 

The density of grid points for the region near block 1 should not 

be the same as for the region near block 7 because there is a much 

larger variation in local gradient of the potential for block 1 than 

for block 7. ·The problem was broken into a series of ten blocks so 

that an appropriate density of grid points could be assigned to each 

block. By inspecting block 6, it is apparent that being able to 

specify grid point densities in the radial and in the azimuthal 

directions of each block would have certain advantages. It is also 

desirable that grid points lie exactly on the anode boundary. A 

general recursion relation is necessary to statisfy these requirements. 

A grid point which is located at arbitrary distances from four other 

grid points (Fig. 13) can be "updated" using the general recursion 

relation (Eq. Al) for Laplace's equation in cylindrical coordinates. 

D. Numerical Solution of Laplace's Equation 

The problem shown in Fig. 12 is solved by an iterative procedure 

employing an overrelaxation convergence scheme. An overrelaxation 
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i 4 

Cross section of tool piece and work piece 

Electrolyte 
flow 

I \ 

XBL 763-2559 

Fig. 11. Cross section of tool piece and work piece for an electro
chemically machined hole. 
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BLOCK GEOMETRY FOR ECM MODELING 

t 

BLOCK #i 

BLOCK #10 

#g 

XBL 765-6827 

Fig. 12. Identification of blocks in the inter-electrode gap used for 
the numerical solution of the Laplace Equation. 
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XBL 764-2843 
Fig. 13. General Grid point. The po~ential point, Pc, is computed 

from the values of four potentials (Pl, P2, P3, P4) 
surrounding it and the distances from these 
potentials (h1 , h2 , h3, h4) • 
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23 factor of 1.7 is used for this work.· Fleck presents a comprehensive 

study of the numerical solution of Laplace's equation with special 

emphasis on the optimum overrelaxation factor. 

Four types of boundary conditions are present in this problems: 

insulator, centerline, cathode, and anode. The recursion relations 

for a grid point on a centerline or on an insulator are listed in the 

Appendix (Eq. A2 and Eq. A3, respectively). The anode and cathode 

boundary conditions may be current dependent. The current at the 

electrodes is calculated by a three point formula (Eq. A4) for the 

derivative of the potential normal to the electrode surface. The 

general recursion relation, the insulator and centerline recursion 

relations, and the three point formula for the derivative of the 

potential have a numerical error which is of order h2 , where his the 

grid constant. 

The scheme for solving the potential distribution of this problem 

is as follows: Initial guesses for all boundary and internal points 

are made. All the potentials of block 1 are updated based upon the 

initial guesses. Then the potentials at the end of block 1, which are 

adjacent to block 2, are transferred to the beginning of block 2 by 

linear interpolation. All the potentials of block 2 are "updated". 

This procedure of transferring potentials between blocks as the blocks 

are "updated" is continued through block 10. Then the boundary 

conditions for blocks 1 through 10 are "updated". Now the potentials 

of block 1 are again "updated" based upon the once corrected values 

of potential of block 1. The internal points and boundary points are 
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"updated" until each potential has a relative change between iterations 

-6 of less than 10 • At that point a converged solution of Laplace's 

equation is assumed. 

There are several ways in which to calculate the potential at 

the outside corner of the tool piece, the point shared by Blocks 6, 7, 

and 8: as a cathode point, an insulator in the radial direction, or 

as an insulator in the azimuthal direction. The hole diameters as 

predicted by each of these methods vary widely. For the tool pieces 

that were used to make experimental cuts, the proper corner potential 

was determined to be approximately the average of treating the point 

as a cathode point and treating the point as an insulator in the radial 

direction. 

E. MOdeling of the Electrolyte Conductivity 

The calculation of the current distribution on the work piece 

requires the knowledge of the solution conductivity (Eq. 11). The 

conductivity is a function of composition, temperature, and gas void 

fraction. For the geometric configuration shown in Fig. 12, variations 

in conductivity are assumed to occur only in the flow direction; 

therefore, the effects of gas evolution and temperature change on 

conductivity are averaged over each cross section in the flow direction. 

The conductivity of KNo
3 

solutions is modeled as a function of 

temperature and gas void fraction by as follows: Combining Eqs. (5) 

and (6) 

K • KlBoC exp[.0204(T-18)] (1-E)l.S (16) 
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The dependence of electrolyte conductivity on concentration (Fig. 14) 

and temperature was determined experimentally. If the temperature 

of the solution is not 19. 5°C when the density measurement is made, 

the density reading most be adjusted for temperature (ap/aT = .00041). 

The temperature of the electrolyte as it moves from the peak to 

the side gap is determined by using the experimental values for the 

inlet and outlet electrolyte temperature. The temperature change of 

the electrolyte is apportioned according to the percentage of the total 

current that has passed upstream of the position under consideration. 

The gas void fraction is calculated from the cumulative rate of gas 

production at the electrodes and by assuming that the· gas behaves as an 

ideal gas with respect to temperature and pressure. The electrode 

reactions and the current distribution on the electrodes are used to 

calculate the local rate of gas production. 

The pressure distribution is determined much the same way as the 

temperature distribution. The experimental pressure drop is apportioned 

by using the Bernoulli equation. 24 The velocity distribution is 

determined from the cross sectional area and the volumetric flow rate. 

F. Calculation of Reynolds Number, Total Current, 
and Average Current Efficiency 

The Reynolds number, Re, for the geometry considered is given by 

Eq. (17). 

(17) 

.... 
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Eiect rolyte concentration (moles/liter) 
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Fig. 14. Electrolyte conductivity K as a function of solution 
density of a electrolyte concentration ,. 

Kl8°C • •856 P19.5°C- .819" 
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in which 

~ = S/Z (18) 

Substituting Eq. (18) into Eq. (17) and remembering that Q = S<v> 

results is the following expression for Re. 

. 4Q 
Re. =- p 

n llZ 
(19) 

Although the Reynolds number is primarily determined by the volumetric 

flow rate, changes in the Reynolds number in this ECM system are mairily 

caused by changes in the wetted perimeter, Z. 

The total current is calculated by summing the products of the 

local anodic current density and the corresponding anode surface area. 

I - L i A_ total - k k -K 

The average current efficiency is defined using current averaging. 

Both the values of the total current and the value of the average 

(20) 

(.21) 

current efficiency as calculated by the model can be directly compared 

to their experimental counterparts. 

G. Data Required by the Model 

_The following data are required by the model to predict an 

equilibrium ECM geometry: 
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density of the electrolyte and temperature 

electrolyte flow rate 
electrolyte inlet pressure 
electrolyte inlet temperature 
electrolyte outlet temperature 

Physical and Electrochemical Characteristics of the Electrodes 

specific gravity of the anode metal 
valency of dissolution of the anode 
current efficiency behavior of the anode 
the reversible cell potential 
charge transfer overpotential of both electrodes 
stoichiometry of electrode reactions 
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V. Experimental Results 

A. Error Estimates and Reproducibility 

This section presents an estimate of .the measurement errors 

associated with the data taken for each experimental run. The net 

effect of these errors on the prediction of an equilibrium ECM geometry 

is also appraised. 

Listed below are error estimates for the process data taken during 

a typical experiment. 

Measurement 

Applied voltage 
Current 
Temperature 
Electrolyte density 
Tool piece feed rate 
Inlet electrolyte pressure 
Hole diameter 
Peak height 
Electrolyte flow rate 
Measurement of tool 

piece geometry 

Error Estimate 

± .05 volts 
± .5 amperes 
± . 1 oc . 
± .0001 g/cc 
± • 0001 in. /min . 
± 1 psia 
± .001 inch 
± .001 inch 
± 10 cc/sec 
± • 0005 inches 

The resultant error in the conductivity is ±.5%. ·The net error 

for the combination of operating variables (K6V/F ) is ±1.5%. The 
r 

reason the operating variables are grouped in this manner is discussed 

in section B of this chapter. 

Figures 15 and 16 show that the reproducibility · of the experimental-

ly obtained equilibrium ECM geometries was such that the maximum 

difference between the runs in a reproducibility test was .004 inches. 
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The operating conditions and the measured characteristics of all the runs 

presented in this thesis are listed in tabular form in the appendix • 

B. ECM Driving Force 

Characteristic dimensions of equilibrium ECM geometries can be 

correlated.with a grouping of operating variables (K6Veff/Fr). This 

grouping will be referred to as the ECM driving force. 

It was shown in Chapter 2 that the electrode separation, the 

characteristic dimension of a parallel plate geometry, is directly 

proportional to the ECH driving force (Eq. 4). Figures 17, 18 and 19 

demanstrate that the ECM driving force can be used to correlate the 

characteristic dimensions of an ECM hole, i.e., the hole diameter and 

the peak height. 

The effect of voltage and electrolyte conditions on ECM hole dia-

meter is demonstrated in Fig. 17. Notice that the curve for the effect 

of inlet electrolyte temperature on hole diameter is below the other 

two curves but has about the same slope as the others. The data for 

the effect of inlet electrolyte temperature on hole diameter was 

obtained using a different tool piece than was used to take the other 

data although all the data in Fig. 17 was collected using the same 

diameter tool piece. The data presented in Fig. 19 was taken using 

only one tool piece. Plotting hole side gaps obtained using a different 

tool piece would result in another straight line correlation with the 

same slope but translated above or below the correlation shown in 

Fig. 19. These results suggest that the tool piece preparation, 
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i.e., the thickness of the insulation and the means of preparing the 

corner of the tool piece, has an effect on the side gap obtained when 

the tool piece is used in hole sinking. 

For the range of operation presented in these figures, copper has 

a constant current efficiency and a constant valency of dissolution. 

If the current efficiency or the valency of dissolution is not constant, 

adjustments to the ECM driving force must be made (See Eq. 4). 
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VI. COMPARISON BETWEEN MODEL AND EXPERIMENT 

A. Selection of Work Piece Material and Operating Conditions 

The main limitation to an accurate modeling of ECM is the lack of 

adequate information on the current efficiency behavior of the dissolving 

anode, on the reversible cell potential and on the activation over-

potential behavior of both electrodes, particularly in the transpassive 

region. The copper - KN0 3 system was chosen as a vehicle for this 

15 18 19 study because of earlier fundamental work in this laboratory ' ' 

conducted on this metal-electrolyte pair under ECM conditions. 

Because of the lack of quantitative data for the anodic films 

which are formed during transpassive dissolution, the operating 

conditions for the electrochemical machining of copper were adjusted 

to avoid any part of the anode being in the transpassive region. To 

accomplish this, the electrolyte flow was maintained as high as possible 

(300-400 cc/sec) and the tool piece feed rate was not allowed to exceed 

30 mils/minute. Even with these restrictions, the ECM driving force 

could be varied from .06 to .16 volt-min/ohm-em-mil which corresponded 

to a sufficiently wide range of ECM cut profiles. Also, the problem 
. 

of modeling electrolyte conductivity at large gas void fractions was 

avoided by using high volumetric flow rates and relatively low current 

densities (20 to 35 A/cm2 for copper). 

3 
The electrolyte concentration was held about 2N KN03 (p- 1.12 g/cm) 

for all runs to avoid any effects that variations in electrolyte con-

centration might have on the electrode reactions. The applied voltage 
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was varied from 11 to 25 volts. 

Machining of SS Jo2 was also modeled because this material 

demonstrates a reasonably constant current efficiency over the range 

of current densities considered. Attempts at modeling a mild steel-

nitrate system, in which current efficiency depends sharply on current 

density, 11 were unsuccessful because of the lack of a quantitative 

description of the current efficiency as a function of current density 

and its dependence on hydrodynamic conditions. 

The following properties of the anode materials were used by the 

model; 

Formula Weight 
Specific Gravity 
Valency of Diss.olution 

Copper 

63.5 
9.4 

+2 

ss 302 

56.4 
8.02 

+3.8 

The average valency of dissolution for 302 SS (+3.8) was determined from 

hole sinking experiments. This value indicates the presence of anodic 

side reactions, e.g., oxygen evolution. 

B. Estimation of Voltage Drops Excluding IR Drop 

Even with the simplifications resulting from the judicious choice 

of operating conditions, there was insufficient data to obtain accurate 

model predictions. No data was available for either the anode and 

cathode activation overpotentials or the reversible cell potential of 

the overall electrochemical reaction for the Cu-KN03 system under ECM 

conditions. Estimates of this unknown data were deduced from four 

equilibrium profiles (runs 84, 86, 87, and 89). First, estimates of 
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the Tafel parameters of the cathodic and anodic reactions were made 

based upon available data in the literature for similar systems. 

Model predictions were made using these estimates of the Tafel parameters 

for various values of additional voltage drop until the proper peak 

heights were obtained. This estimate of this current independent part 

of the voltage drop (1.1 volts) was then used in all the model pre die-

* tions for hole sinking in copper. A .1 volt difference would cause 

a maximum change in peak height of 1%. Figure 20 demonstrates the 

effect of applied voltage on the frontal gap, side gap, and the peak 

height for equilibrium ECM hole profiles in copper. A more precise 

definition of the dependence of the peak height and the side gap on the 

operating conditions is given in Chapter 5. 

In chapter 2, it was pointed out that the voltage drop through 

an electrochemical cell is comprised of the IR drop, the charge transfer 

overpotential, the concentration overpotential, and the standard cell 

potential. Estimates of these voltage losses excluding IR drop were 

made in an effort to verify the consistency of the empirically-

determined voltage drop (2.65 volts). 

The parameters of the Tafel expression (Eq. 8) that were used by 

the model are: 

* 

S(volts) 
2 i (amp/em ) 

-o 

Copper anode 
SS302 anode 
Brass cathode28 

The Tafel equation may be written 
E~ode + E~athode '"' 1.1 volt is the 
the electrode potentials. 

.052 

.066 

.052 

.00063 

.001 

.0000001 

as E = E* + Slni for each electrode. 
constant, current independent, part of 
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19 The Tafel parameters for copper were estimated from previous work 

on the high rate anodic dissolution of copper. The Tafel parameters 

for SS302 were estimated from a study27 done on iron dissolution in 

chloride solution. Tafel kinetics were applied only to the anode 

boundary of blocks 7 through 10 (Fig. 12) because the current density 

is relatively uniform for the anode surfaces of the other blocks. The 

anodic surface potential for blocks 3 through 6, where the current 

density falls within a narrow range was assumed to be .55 volts below 

the applied voltage due to activation overpotential, corresponding to 

2 an average current density of 25 A/em . 

Estimates of the activation overpotential at the cathode surface 

were made based upon the average current density of the cathode surface 

of each block and the Tafel parameters for the cathode. For a typical 

run with a large peak height, the following estimates of cathodic 

overpotential were made for each block. 

Block Number ~T(volts) 
2 

i (A/em ) --av 

1 • 75 .2 
2 .85 1.3 
3 .95 8.6 
4 .98 15.3 
5 1.0 22.5 
6 1.0 22.5 

This step approach to taking into account charge transfer overpotential 

rather than a continuous function was implemented in an effort to 

reduce the computing time requirements. Applying Tafel kinetics to all 

the electrodes requires about 4 times as many iterations to achieve a 

converged solution as this approximate method. A comparison of model 
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predictions based upon this approximate scheme for overpotential for 

run 84 with model predictions using Tafel kinetics for all blocks showed 

no noticeable difference between the two profiles. 

In Figs. 21 and 22, the .distribution of anode and cathode 

potentials are shown, using the step approach for act_ivation overpotential 

for blocks 1 through 6, and Tafel kinetics for blocks 7 through 10. 

The current density and the activation overpotential at the cathode 

increases with increasing peak height for blocks 1 through 3. 

The cathodic reaction involves both the reduction of the nitrate 

ion and of water. The exact proportions of these competing reactions 

is not known, but some work19 on nitrate reduction under ECM conditions 

suggests that about half of the cathodic current goes into hydrogen 

evolution and about half is involved in the reduction of nitrate. 

Based upon this, it was assumed that half the current resulted in 

hydrogen evolution. This estimate had only a small effect on the model 

prediction of the conductivity, e.g., if twice as much gas were evolved 

as was assumed, the maximum error in the calculation of the conductivity 

for run 15, which should have largest deviation, would be 2.8%. 

When a nitrate electrolyte is cathodically reduced, a complex 

sequence of reactions results in the formation of No;, N02 , NH 3 , and N2 .
26 

Because more data is available for the hydrogen reaction than the nitrate 

reduction, estimates of the reversible cell potential and the activation 

overpotential were made for the water decomposition reaction to verify 

the consistency of the empirically determined voltage losses (2.65 volts). 
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The standard cell potential for copper dissolution and hydrogen 

evolution is 

V0 = .6 volts. 

The pH of the electrolyte is normally between 10 and 11; therefore, 

the pH would be greater than 11 at the cathode, when protons are removed, 

and less than 10 at the anode, where OH- ions are consumed. The 

hydroxyl ion concentration overpotential coupled with the standard cell 

potential could easily amount to the value predicted for the "reversible" 

______ ----Jce11_p_o_t_en_tial_(_l_ •. l-vo1-ts_)_._ln-s.ummar__y_,_the-es-tima.tes_o_f_the-co.mp.one.n.ts--------

of the volt~e losses excluding IR drop are as follows: 

anode activation overpotential 
cathode activation overpotential 
standard cell potential 
concentration overpotential 

.55 volts 
1.0 volts 

.6 volts 

.5 volts 
2.65 volts 

These estimates indicate that the experimentally determined potential 

drop excluding IR drop is consistent with the estimates of its 

components. 

C. Numerical Implementation of the Model 

The number of grid points in the r and z directions and the grid 

dimensions are listed by blocks (See Fig. 12) for Run 86 in Table 1. 

The distance from the front of the tool piece to the top of Block 1 

(Fig. lZ) was chosen to be 3 em for profiles with stnall peaks and 5 em 

for large peaks. The distance from the front of the tool piece to the 

top, of Block 10 was set at 3 em for all the runs. 
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In a sequence of time steps, the solution of the Laplace equation 

for the first profile required between 300 and 600 iterations. The 

solution of the Laplace equation at each time step after the first 

profile req~ired between 100 and 150 ~terations. The initial estimates 

of the potentials for a profile except the first profile were made from 

the potential distribution of the preceding profile. The solution of 

the potential distribution for the first profile required a larger 

number of iterations because the initial estimate of the potential 

distribution was cruder than that of the successive profiles. 

The calculation of an equilibrium ECM profile required approximately 

.150 time steps which corresponds to about 1000 seconds of computing 

time on a CDC 7600. The computer program, which implemented the model, 

required a computer storage of about 160,000 bits (octal). If too 

large a time step was chosen in the calculation of equilibrium profiles,· 

amplification of numerical errors resulted. Time steps (3 to 15 seconds) 

were chosen such that the tool piece was advanced by a prescribed 

fraction of the frontal gap (5 to 15%). Time steps greater than 

25 seconds usually resulted in the amplification of errors in the 

calculation of anode currents in block 6. These currents would oscillate 

about the equilibrium frontal gap current with increasing deviation 

as time steps were taken. 

D. Model Comparisons for Copper 

Experimental ECM hole profiles and hole profiles predicted by the 

model were compared for the steady-state and non steady-state electro

chemical machining of copper. Equilibrium ECM geometries were obtained 
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using a 3/4 inch and a 1/2 inch diameter tool piece. All tool pieces 

used had a l/4 inch internal diameter. 

Figures 23 through 26 show comparisons between model and experiments 

for a 3/4 inch diameter tool piece with a 1/8 inch radius cut on the 

inside diameter. The tool piece feed rate was varied from 18 to 

24 mils/min, while the applied voltage ranged from 11 to 21 volts. 

These data were used to make the estimate of the "reversible" cell 

potential for the copper - KN03 system. Comparisons between model and 

experiment are demonstrated by Figs. 27 through 29 for a 1/2 inch 

diameter tool piece with a 1716 inch radius cut on the inside diameter. 

Listed in Table 2 are the average model predictions of Reynolds 

number, velocity, gas void fraction, and temperature for blocks 3 

through 8. Run 84 was chosen to demonstrate a system with a small peak. 

Table 3 shows these values for a system with a large peak (Run 15). 

Unsteady-state ECM profiles are compared with model predictions 

in Figs. 30 through 35. Two sets of hole starting experiments were 

made by stopping the ECM process at the beginning stages of hole 

formation. Figures 30 through 32 show model comparisons for one set 

of operating conditions. Figure 32 demonstrates the formation of the 

peak and the frontal gap and the "rounding" of the corner at the original 

work piece surface. Figures 33 through 35 make model and experiment 

comparisons for hole starting with a smaller ECM driving force than the 

first set of hole starting experiments. 

Once the modeling of the electrochemical machining of copper was 

accomplished for conditions that correspond to active dissolution of 

the metal, the modeling of a hole, in which part of the metal is 
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Table 1. Grid point density and grid dimensions for run 86 . 

.. 
Number of Grid Points Grid Dimension (em) 

Block Number r z r z 

1 11 11 .032 .44 

2 21 21 .016 .006 

3 21 21 .016 .004 

4 24 41 .021 .016 

5 16 11 .014 .006 

6 21 11 .016 .006 

7 11 11 .004 .004 

8 11 11 .006 .01 

9 6 6 .012 .026 

10 6 6 .011 .973 



84-------

MODEL--

Cu 
Fl;j. 2]. Coniparlson hetwcen motlel and experiment. Equilibrium hole profile cut usinr, 

3/1, Inch cliametP.r tool piece, copper, run 84. ---- experiment 
-·--- computational 

• 

I 
\J1 

I oc I 

XBL 7611-9772 



~. .. 

86-------
I 

MODEL---

I 

I 

Cu 
Fig. 24. Comparison between model and experiment. Equilibrium hole profile cut using XBL 7611-9770 

3/4 inch diameter tool piece, copper, Run 86. 

I 
Vt 
\0 
I 

a 
c 

,! .. ~' .. ,.....,,., 

c 
:t'''' ...,.,. 

.......: 

c 
'-,I 

Cl'C· 

f\.,."; 

..0 



·-

87------

MODEL--

Cu 

Fig. 25. Comparison between model and experimP.nt. Equilibrium hole profile cut 
using 3/4 inch diameter tool piece, copper, Run ll7. 

• 

• 

XBL 7611-9771 

I 

"' 0 
I 



<., ~ 

0 

0 
....... 

89------ • 
..... ~ 

c 
J:~ 

MODEL-- "-.1 

c, 
I 

0'1 ........ ~ ,_. 
I 

o:i 

(..,! 

0 

Cu 
. XBL 7611-9769 Fig. 26. Comparison between model and experiment. Equilibrium hole profile cut . 

using 3/4 inch diameter tool piece, cooper, run 89. 



-62-

8---
I 

MODEL--

• 

Cu 
XBL 7611-9775 

Fig. 27. Comparison between model and experiment. 
Equilibrium hole profile cut using 1/2 inch diameter tool 
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run 22. 
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profile cut using 1/2 inch diameter tool piece, copper, run 23. 



l 8 ~ 2 

-65-

Table 2. Various quantaties calculated by the model for Run 84. 

Block No. NRE 
Velocity Gas Void Temperature 

~ (em/sec)· Fraction ( oc) 

3 5 .6x105 1260 4 • Xl0-:"5 22.5 

4 4.9Xl05 1030 3.6Xl0-4 23.0 

5 2. Xl05 1020 3.5Xl0-3 23.6 

6 1.1Xl05 650 6.6Xl0-3 24.6 

7 9. Xl04 860 l.lXl0-2 25.0 

8 9. Xl04 600 1.2Xl0-2 25.0 

Run 84 was chosen here to demonstrate a system with a small peak height. 
Listed below are values for a large peak height. 

Tabie 3. Various quantaties calculated by the model for Run 15 

Block No. NRE 
Velocity Gas Void Temperature 
(em/sec) Fraction (oC) 

3 3.8xl05 1100 1.3xl0-4 22.2 

4 2 .5x105 1460 4.7xl0 -4 22.4 

5 1.4xl0 5 1400 4 .4xl0 -3 23.4 

6 1.0x105 1000 7.7xl0-3 24.2 

7 7.8xl0 4 1200 1.6xl0 -2 24.4 

8 7.7xl04 810 1.8xl0 -2 24.5 
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Fig. 31. Comparison between model and experiment for unsteady-state hole profile, run 17, 
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Fig. 33. Comparison between model and experiment for unsteady-state hole profile, run 19, copper. 
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dissolving in the transpassive region, was attempted. For ECM hole 

sinking in copper, the·onset of transpassive dissolution is marked by 

the formation of a bright ring at the base of the peak (Fig. 36). 

The comparison between model and experiment for this hole (Fig. 37) shows 

a good prediction by the model. However, the experimental profile does 

not show the ring because the effect of the resistive transpassive film, 

which forms on the bright ring, was offset by the reduction in valency 

of dissolution of the copper. Figure 38 shows a profile for which the 

transition from transpassive to active dissolution is more obvious. 

It would be extremely difficult to model this profile without quantative 

information on transpassive dissolution of copper. 

E. Model Comparison for 302SS 

Experimental ECM equilibrium hole profiles of 302SS and hole profiles 

predicted by the model are shown in Figs. 39 through 42. A 3/4-inch 

diameter tool piece was used for this work. The applied voltage was 

varied from 20 to 26 volts, while the tool piece feed rate ranged from 

18 to 24 mils/minute. 

A dull, thin film was observed on the uninsulated surface of the 

tool after each hole was cut in stainless steel. The film could have 

been caused by the cathodic deposition of reaction products since the 

electrolyte had a light yellow thint after the first hole was drilled 

in the stainless steel. 

A voltage drop of 3.8 volts was subtracted from the applied voltage . 

to obtain the proper peak heights for the profiles of 302SS. It was 
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XBB 7610-9744A 

Fig. 36. Cut-away view of hole cut during run 15. Arrow indicates 
the bright ring formed by transpassive dissolution. 
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Fig. 39. Comparison between model and experiment. Equilibrium hole profile cut using a .728 inch 
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Fig. 41. Comparison between model and experiment. Equilibrium hole profile cut using a • 728 inch 
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hoped that with the relatively low tool piece feed rates and the high 

electrolyte flow rates employed active dissolution of the stainless 

steel would have been insured, but the high surface potential drop 

coupled with the observation of a bright surface on the peaks and the 

frontal gap of holes in 302SS indicate the presence of transpassive 

dissolution. 

F. Energy Balance for the Electrolyte 

After the main body of experimental and numerical work was concluded, 

a review of experimental conditions revealed that a significant amou~t 

of heat was added to the electrolyte by the 3 hp electrolyte feed pump 

(see Fig. 3). The data for the temperature change of the electrolyte, 

listed in the- Appendix, are overestimated by about 1.4°C as a result of 

neglecting the pump as a heating element. Therefore, the inlet 

electrolyte temperature was actually about 1.4°C higher than the value 

used in modeling. This corresponds to about.a 2.8% higher ECM driving 

force for the region near the peak. Incorporating this correction into 

the determination of the voltage losses excluding IR drop would raise 

the estimate of the empirically determined quantity by about .4 volts. 

When this correction for the voltage loss excluding IR drop was made, 

there was no noticeable change in the comparisons between model and 

experiment for the runs that were recalculated (84, 87, 22, 16, 17, 18). 

'lllis result can be understood by noting that the adjustment of the 

reversible cell potential maintained the value of the peak height, 

the most sensitive geometric characteristic, while the resulting drop 

.. ,. 
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0 

in overall effective voltage had an insignificant effect on the remainder 

of the profile. 

Listed below are comparisons between observed and estimated 

temperature changes of the electrolyte !or various runs. 

Temperature Change (C 0
) 

Run Due to Joule Heating Heating by Pump Observed 

15 1.2 1.4 2.5 
lOA .5 1.4 2 .5 
89 .5 1.2 2.0 

129 2.3 1.4 4.0 
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VII. SUMMARY AND CONCLUSION 

A computer-implemented model for predicting ECM work piece 

geometries was developed and then verified by electrochemically sinking 

holes in copper and 302-stainless steel using a commercial ECM unit. 

A cylindrically symmetric tool piece was chosen because it provided a 

two-dimensional problem for the model and was easily constructed. 

The model was developed to predict the dependence of ECM work piece 

geometry on the operating conditions of the process (electrolyte 

conductivity, applied voltage, and tool piece feed rate) and on the 

physical and electrochemical properties of the metal-electrolyte pair 

(e.g., anodic current efficiency, reversible cell potential, and charge 

transfer overpotential). The current distribution and the Faradaic 

efficiency of the dissolving anode metal were used to determine the 

ECM cut profile. The current distribution was determined from the 

solution of the Laplace equation subject to the boundary conditions. 

Tafel kinetics were used to describe the activation overpotential 

behavior of the electrodes. The solution of the potential distribution 

for the region between the electrodes was implemented by a finite 

difference routine in which the interelectrode region was subdivided 

into ten separate areas each of which had its own density of grid 

points. Grid dimensions ranged frd~ .006 to 1.0 em. The local values 

of the Reynolds number, temperature, gas void fraction and pressure 

were calculated by the model as an average over the cross section 

perpendicular to the flow direction. The pressure, temperature, and 
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gas void fraction were used in the determination of the electrolyte 

conductivity. The model can be adapted to consider nonuniform current 

efficiency and transpassive dissolution if adequate data on the anodic 

behavior are available. 

Experimental ECM hole sinking was conducted on an 8-inch ECM Job 

Shop Gun Drill manufactured by Hanson-Van Winkle-Munning Company. The 

power system of this electrochemical machine supplied up to 25 volts 

at 500 amperes D.C. 

After the desired cut was made in a l-inch thick piece of metal 

plate using 0.5 in. or 0.75 in. diameter tool pieces, the work piece 

was removed and milled to expose the cross section of the hole. The 

cross section was deburred and then photographed. The experimental 

profile was obtained by tracing the projection of the photograph after 

the projection was aligned with the measured values of the hole diameter 

and the peak height. 

The major iimitation to accurate modeling of ECM is the lack of 

adequate information on the reversible cell potential, on the activation 

overpotential of both electrodes, and on the current efficiency behavior 

of the dissolving anode, particularly in the transpassive region. The 

copper-KN03 system was chosen for this study because fundamental work 

on copper has been conducted in this laboratory under ECM conditions. 

Because of the .laCk of quantative information -describing the anodic 

films formed during dissolution, the operating conditions for the 

electrochemical ma·chining of copper were adjusted to avoid any part 

of the anode being in the transpassive region. To accomplish this, the 

electrolyte flow was maintained as .high as possible (300-400 cc/sec) 
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and the tool piece feed rate was not allowed to exceed 30 mils/minute. 

The applied voltage was varied from 11 to 25 volts. Under these 

conditions, a wide range of cut profiles were obtained. Side gaps 

ranged from .05 to .15 em, and peak heights varied from .2 to .6 em. 

I~ addition, the problem of modeling the electrolyte conductivity at 

large gas void fractions was avoided by the high volumetric flow rates 

and the relatively low current densities (20 to 35 A/cm2) that were 

employed. 

The electrolyte concentration was maintained about 2N KN0 3 for all 

runs in order to avoid any effects of changes in composition on the the 

electrode reactions. 

Because data on the activation overpotential and the reversible 

cell potential were not available for the conditions that were studied, 

a trial-and-error procedure was used to deduce this information from 

several of the experimental profiles. First, estimates of the Tafel 

parameters of the cathodic and anodic reactions were made based upon 

available data in the literature. Model predictions were then made 

using these estimates of the Tafel parameters, for various values of 

additional potential drop, until the proper peak heights were obtained. 

This estimate of the voltage drop excluding IR drop (2.65 volts) was 

used in all the model predictions for hole sinking in copper. This 

empirically determined estimate of the voltage losses excluding IR 

drop (2 .65 volts) was found to be consistent with the estimates of its 

components, i.e., the activation overpotential and the reversible cell 

potential. 

·,. 



.· 

0 0 7 0 I ~1 u 

-85-

2 

A similar approach to the modeling of hole sinking in 302SS was 

undertaken. The empirically determined estimate of the combined effect 

of reversible cell potential and activation overpotential (3.8 volts) 

was applied to all model predictions for 302SS. The value of 3. 8 volts 

appears to be high; this value also,includes voltage drops through 

electrode films, i.e., anodic films formed during transpassive 

dissolution. 

The importance of properly modeling the operating conditions was 

demonstrated, as was the relevance of information on the physical and 

electrochemical properties of the metal-electrolyte pairs. For example, 

errors between 12 and 24% for the ECM driving force for the range of 

operating conditions studied for copper result if the applied voltage 

is used instead of the effective voltage. It is demonstrated that even 

in the absence of adequate electrochemical data, the operational 

parameters required for modeling can be obtained from hole-cutting 

experiments. For example, by making two equilibrium cuts at different 

tool piece feed rates, one can easily determine if the current efficiency 

significantly changes with current density. 

' Although almost all of the hole cutting experiments were conducted 

under conditions resulting in constant current efficiency, the model can 

be easily modified to take into accolmt variations in current efficiency 

if the functionality of the current efficiency is known. Also, the 

model can be modified to account for dissolution in the transpassive 

region, and to take into consideration the effects of hydrodynamic flow 

on mass transport. 
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The ECM driving force was used to correlate characteristic 

dimensions of equilibritun hole profiles with the operating conditions. 

Correlations of this type could be used in industrial applications for 

selecting the proper operating conditions for the desired work piece 

geometry. Refinements to this grouping of the operating variables 

would be required to consider systems in which transpassive dissolution 

occurs, or when the current e·fficiency depends upon the current density. 

Most applications of ECM in industry involve 3-dimensional cut 

geometries and hence, a complicated electrolyte flow pattern. Even if 

data were available to completely describe the ECM process for such a 

geometry, it would be impractical to use the model developed in this 

work to design tool pieces because of the very large computing time 

and computer storage requirements. The value of the model lies in the 

area of fundamental investigation of_electrochemical machining which 

includes the objective of developing approximate methods for tool 

design for industrial use. The model provides valuable information 

on the effect of changing operational variables (such as applied 

potential, feed rate, temperature) on the work piece geometry obtained. 
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APPENDIX A 

General Recursion Relation for Laplace's Equation in Cylinderical 

Coordinates (Fig. 13) 

A = l/h4 + l/h2 

B = l/h1 + l/h3 

c = (h2 + h4)/2 

D = (h
3 

+ h
1
)/2 

p 
c 

1 (:!+:~} (::+:: + (P3-Pl)l 

= ~· ----~D~ _____ + ____ ~C~------~2-·~B~·~R~ 
(A/C + B/D) 

in which (P3-P1) in the variation of the potential in the radial 

direction and R is the distance from the centerline to the point P • c 

A Point on a Centerline,(Fig. Al-a) 

A = 1/DU + 1/DD 

B = 2/DR 

C = (DU + DD)/2 

p = 
N 

4•P __ R + 
D2 

R c 

(Al) 

(A2) 
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Fig. Al. Grid point arrangement for various boundary points. 
(a) point on a centerline (b) point on an insulator 
(c) point on an electrode. 
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A Point on an Insulator (Fig. Al-b) 

.. Use the general recursion relation with 

(A3) 

Three Point Derivative of the Potential (Fig. Al-e) 

A = 

(~) = (A4) 
s 
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APPENDIX B 

A Note of the Practitioner 

Although the work presented in this dissertation was primarily 

concerned with a theoretical perspective of electrochemical machining, 

several results and interpretations from this study should be of some 

utility to the practitioner. The model, whi.ch was used to predict 

hole profiles, would be totally impractical for a production shop 

utilizing ECM because of the excessive computation requirements and 

because of the lack of electrochemical data for metal-electrolyte 

pairs commonly encountered in industry. However, even with these 

limitations, the model provides a qualitative understanding of ECM 

which can be of considerable value in the selection of the electrolyte 

and the operating conditions for the electrochemical machining of a 

metal. 

ECM driving force correlations, which are presented in Chapter 5 

for the peak height and the side gap, can be used to select the proper 

operating conditions. First, a series of equilibrilDD ECM cuts are 

made over the desired range of operating conditions. The characteristic 

dimension is then plotted as a function of the ECM driving force. This 

correlation ~an be used to select the operating conditions that will 

yield the desired characteristic dimension. 

As an example of the use of an ECM driving force correlation, 

consider the following problem. What operating conditions would be 

selected to cut a .800 inch diameter hole in copper? The ECM driving 

• 
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force correlation shown in Fig. 19 will be used in this example. The 

tool piece that was used to make this correlation was .749 inches in 

diameter; therefore, the side gap would be .0255 inches using this tool 

piece to cut a .800 inch diameter hole. According to Fig. 20, a .800 

inch diameter hole would require an ECM driving force of .085 volts-min/ 

ohm-em-mil. An estimate of the temperature in the side gap and the con-

centration of the electrolyte are made to determine the electrolyte 

conductivity (assume .25 ohm-1cm-1). The maximum applied voltage that 

the power system can provide is 25 volts which results in an effective 

voltage of 21.95 volts (see Eq. 10) .• The maximum feed rate of the • 749 

inch diameter tool piece in cutting a .800 inch diameter hole is 

K veff 
F = = r ECM driving force 

(.25)(21.95) 
.085 = 64.5 mils/min 

The maximum tool piece feed rate would be used because it would require 

the least amount of time to complete the cut. It is important to 

insure that the exit temperature of the electrolyte is in fact the same 

as the temperature that was assumed in the calculation of the 

conductivity used in the ECM driving force. For example, a 1 °C error 

in the temperature will result in a 2% error in the ECM driving force. 

Also, ECM driving force correlations are specific to the type of tool 

piece geometry, to the type of electrolyte, and to the nature of the 

work piece metal. 

For metal-electrolyte systems in which the current efficiency is 

nonuniform, a correction for the current efficiency must be made to the 

ECM driving force if the correlation were to be valid over a range of 
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current densities. 

A qualitative examination of 'the electrochemical properties of ·a 

metal-electrolyte pair can provide substantial insight into cut profiles 

obtained using ECM. In industry, a metal-electrolyte system in which the 

shape of the tool piece is closely reproduced in the work piece is 

considered to be a desirable . system to machine electrochemically 

because the tool design problem is significantly simplified. Considering 

hole sinking again, the smaller the overcut, the more closely the work 

piece cut will resemble the tool piece. If an electroChemical system 

exhibited a current efficiency that dropped drastically as the current 

density decreased (e.g., mild steel-nitrate), the overcut would be 

significantly reduced. This behavior is observed because as the 

current decreases in the side gap, the local metal removal rate would 

decrease even more sharply. 

In some applications of hole sinking, lip formation, i.e., the 

rounding of the edge where the hole was begun, is undesireable. The 

same consideration of electroChemical properties for overcut also 

apply to lip formation, i.e., a reduction in the Faradaic efficiency as 

the current density is reduced reduces lip formation. Besides the 

proper choice of electrolyte and operating conditions, there are 

various geometric techniques that can be used to eliminate lip formation. 

As was pointed out in Appendix C, the reaction products formed 

during ECM may have a substantial effect on the overcut. The copper

nitrate system exhibited a large increase in overcut when reaction 

products were not removed from the electrolyte, while 302-SS showed 
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no change in overcut as reaction products were allowed to accumulate 

in the electrolyte. 
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APPENDIX C 

Experimental Observations 

1. ECM Oscillatory Behavior 

When a very large ECM driving force (K6V/F = .5) is employed, 
. r 

large oscillations in the total current are observed (Fig. Cl). 

Experimental profiles at various times in this cycle are shown in 

Figs. C2, C3 and C4. 

The steady-state current, i.e., the total current if the system were 

at a stable equilibrium geometry, is between the high and low current 

levels. When the system is in the high current operation, the current 

is decreasing toward the expected steady-state current, and when in the 

low current area, the current increases slowly. 

The following theory is presented to explain this behavior. The 

high current plateau is associated with the active dissolution of copper, 

while the low current range corresponds to transpassive dissolution. 

In the high current range, the frontal gap is closer than the 

equilibrium gap; therefore, the current is,higher than the steady-state 

current. As this high current is passed, the frontal gap widens 

causing the current to decrease slightly. This continues until the 

system conditions, i.e., the hydrodynamics, current density, etc., 

cause the formation of a highly resistive anodic film which marks the 

onset of transpassive dissolution. Figure C2 shows the cut profile 

at the end of the active dissolution interval and the beginning of 

transpassive dissolution. Because a large portion of the voltage drop 
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Fig. C2. Hole profile at the beginning of the low current range. 
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of this system occurs in the anodic film, the current drops drastically 

with the beginning of transpassive dissolution. Because this low 

current is not dissolving the metal fast enough, the frontal gap begins 

to decrease (Fig. C3) causing the curr.ent to increase. The "peak" is 

below the level of the frontal gap because the "peak" is still 

dissolving in the active mode. The current increases until the anodic 

film ruptures exposing the anode surface. The anodic film could rupture 

because of a dielectric breakdown of the film and/or mechanical 

flaking-off caused by the flow of the 'electrolyte. As.the electrode 

surface returns to the active mode of dissolution the cycle of events 

repeats. Figure 4 indicates the hole shape when the current jumps to 

the high current range. Comparing Fig. C4 with Fig. C3, one can see 

that during the low current phase the. frontal gap is decreasing. 

2. Effect of Reaction Products on ECM Equilibrium Profiles 

Table Cl lists the results of two sets of experiments on the effect 

of reaction products on the electrochemical machining of copper. 

Figure C5 pertains to the second set of experiments. 

Each set of data was taken as follows: the first experiment was 

run as usual, i.e., the tool piece was freshly polished and the reaction 

products were filtered out of the electrolyte during the run (Run 26, 

Fig. C5). In the second experiment, the tool piece was not polished 

and the reaction products were not removed from the·electrolyte (Run 27, 

Fig. C5). And, as a consequence, black film was formed on the 

uninsulated portion of the tool piece during this run. Finally, the 

electrolyte was filtered again, but the black cathodic film was left 



Table Cl. 

Effect of reaction products on hole profiles. 

Total 
Ncu Electrolyte Tool piece DIAM. Pk Ht current 

Clean Freshly 
Polished 0.790" 0.150" 110 1.98 

Dirty Uncleaned 0.855" 0.172" 136 2.09 

. 
Clean Uncleaned 0.811

11 
0.155" 120 2.05 

Clean Freshly 
Polished 0.785" '0.192" 110 2.01 

Dirty Uncleaned 0.865" 0.206" ' 130 1.95 

Clean Uncleaned 0.802" 0.203" 115 2.01 

Fr mils/min 6V 

31 20 

31 20 

--
~ 

31 20 

31 20 

31 20 

31 20 

TIN 

29SC 

29.75°C 

29.5°C 

22.5°C 

22.5°C 

22SC 

XBL 763-2558 
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o· 
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on the tool piece (Run 28, Fig. C5). 

When an ECM hole was sunk in copper using an electrolyte in which 

the reaction products were not removed, a large increase·in hole 

diameter, compared with a "clean electrolyte" experiment, was observed. 

For such an increase inhole·diameter in a "clean electrolyte", a 

four times higher ECM driving force would be required. Similar 

experiments were performed on SS302 without observing any significant 

effect of reaction products on the equilibrium ECM geometry. 



Run/! Work 
Piece 

Material 

9A Cu 

lOA Cu 

11A Cu 

12A Cu 

13A 

14A 

33 

34 

35 

26 

27 

28 

84 

86 

87 

89 

8 

22 

23 

15 

39 

125 

126 

127 

128 

129 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

302SS 

302SS 

302SS 

302SS 

302SS 

Hole 
Diameter 
(inches) 

.800 

.800 

.BOO 

.838 

.837 

. 837 

.831 

.836 

.842 

.785 

.865 

.802 

.843 

• 798 

. 793 

.808 

.590 

.571 

.604 

.783 

1.022 

.776 

.788 

. 774 

• 790 

.778 

Peak 
Height 

(inches) 

.182 

.182 

.180 

.102 

.102 

.102 

.192 

.206 

.203 

.104 

.212 

. 233 

.175 

.075 

.112 

.060 

.174 

.201 

.158 

.209 

.126 

.210 

Table Dl. Experimental Data for Equilibrium ECM Profiles. 

Tool Solution 
Diameter Density & 
(inches) Temperature 

<•c) 

.745 1.119/20.0 

.745 1.119/20.0 

.745 1.119/20.0 

.745 1.1202/19.5 

. 745 

.745 

.742 

• 742 

. 742 

·. 742 

. 742 

.742 

• 749 

• 749 

. 749 

.749 

.501 

.SOl 

.501 

.728 

.683 

.728 

.728 

.728 

.728 

.728 

1.1202/19.0 

1.1202/19.0 

1.1204/20.4 

1.1204/20.4 

1:1204/20.4 

1.11525/20.0 

1.11525/20.0 

1.11525/20.0 

1.1204/19.5 

1.1195/22.0 

1.1195/22.0 

1.1200/20.0 

1.1201/22.0 

1.1205/20.0 

1.1205/20.0 

1.1200/20.0 

1.12925/21.5 

1.1204/20.0 

1.1204/20.0 

1.1205/20.5 

1.1205/20.5 

1.1203/22.0 

Tool Piece 
Feed Rate 
(mils/min.) 

17.9 

18.0 

18.0 

18.3 

18.1. 

18.2 

11.7 

12.0 

12.1 

30.8 

30.8 

30.8 

19.0 

17.8 

24.2 

18.4 

17.9 

18.3 

18.4 

29.1 

13.8 

18.0 

18.0 

24.4 

18.6 

24.3 

Inlet 
Temperature 

< •c) 

22.0 

22.0 

22.0 

21.5 

21.0 

21.5 

27.0 

27.0 

27.0 

22.5 

22.5 

22.5 

22.5 

24.75 

24.0 

23.5 

25.0 

22.0 

25.0 

22.0 

26.5 

24.0 

24.0 

24.0 

24.0 

24.0 

Temperature 
Change 
<•c) 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.75 

2.0 

2.5 

3.25 

4.0 

3.5 

2.5 

1.25 

2.5 

2.0 

1.5 

2.0 

1. 75 

2.5 

17.5 

3.5 

3.5 

4.5 

3.5 

4.0 

Total 
Current 

Amps 

67 

68 

67 

76 

76 

77 

15 

120 

25 

110 

130 

115 

82 

69 

89 

70 

38 

36 

41 

102 

110 

118 

122 

156 

126 

155 

Applied 
Voltage 
(Volts) 

12.7 

12.6 

12.7 

21.4 

21.2 

21.3 

25.0 

25.0 

25.0 

.~0.0 

20.0 

20.0 

21.2 

10.8 

12.4 

12.5 

18.6 

14.9 

21.8 

18.9 

24 

20.5 

24.9 

25.3 

25.8 

24.4 

Inlet 
Pressure 

(psig) 

32 

34 

32 

21 

21 

21 

20 

30 

31 

31 

14 

20 

17 

·43 

42 

30 

30 

35 

25 

34 

-5 

39 

30 

40 

30 

38 

Flow 
cc/~ec 

375 

355 

355 

420 

420 

410 

420 

420 

420 

350 

300 

325 

400 

330 

340 

400 

375 

350 

400 

350 

50 

360 

400 

370 

400 

350 

I 
....... 
0 
w 
·I 

Cl 

C; 

.... ~,,.· 

( ·-~ .. 
-~-

' c 

'~ 
00 
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Table D2. Experimental Data for ECM Hole Starting. Profiles. 

·Run# Work Starting Point Stopping Solution Ton! Piece Inlet . Temperature Applied Inlet Flow Tool 
Piece (inches above Point Density & Feed Rate Temperature Change Voltage Pressure cc/sec Diameter 

Material work piece) (inches) Temperature (mils/min) ("'C) (oC) (Volts) (jlsig) (in) 
(oC) 

16 Cu .050 .025 1.1200/20 .o 18.5 23.0 2.0 21.4 18 400 .728 

17 Cu .050 .000 1.1200/20.0 18.5 23.0 2.0 21.4 18 400 .728 

18 Cu .050 -.040 1.1200/20.0 18.5 23.0 2.0 21.4 18 400 .728 I 
1-' 
0 

19 Cu .030 .000 1.1200/20 .o 24.0 21,. 5 2.0 13.4 25 400 .728 .j::o. 
I 

20 Cu .030 -.040 1.1200/20.0 24.0 24.5 2.5 13.4 40 340 .728 

21 Cu .030 -.080 1.1200/20.0 24.0 24.5 2.5 13.4 42 340 .728 
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APPENDIX E 

Special and Limiting Cases of Anodic Leveling 

A. Introduction 

Anodic leveling of a metal surface involves the reduction of 

macroscopic surface roughness by anodic dissolution. Macroscopic 

roughness involves surface protrusions or indentations which are 

visible to the naked eye(> 20~). When the roughness of a metal surface 

is on the order of the wavelength of light, the surface appears bright 

or shiny. The fact that a macroscopically rough surface can be bright 

illustrates a distinction between micro- and macro-roughness. One of 

the key problems of surface leveling is the determination of the amount 

of metal that has to be dissolved to reach a specified tolerance in 

surface roughness. This measure of the surface leveling behavior will 

be referred to as the "leveling efficiency". 

1 Edwards proposed a description of anodic leveling based upon 

diffusion on the solution side. Edwards experimentally verified his 

theory by dissolving a macroscopically rough (30-40~ peak height) 

copper surface in a phosphoric acid solution. 2 Wagner derived an 

equation which predicts the leveling efficiency of a sine wave shaped 

surface in which the anodic dissolution process is diffusion controlled. 

Figure 1 indicates the problem that Wagner considered and the solution 

that he obtained. The leveling efficiency of relatively small amplitude 

defects, which are the most difficult defects to remove, is accurately 

' predicted by Wagner's equation. The most critical assumptions are that 



r A sin{ 2~x) 

8 

y 

X 
c= co 

Fig. 1. Wagner's Problem and Solution. 
Assumptions: (1) o >>A (2) A>> a (3) Diffusion coefficient is constant 
Wagner's equation for leveling efficiency: ln(a/a ) = -2rru/.A 

0 
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the equivalent mass transfer boundary layer is very much larger than 

the defect amplitude (o >> a) .and the defect wavelength (o >> A). 

When these assumptions are not valid, the leveling efficiency can be 

either better or worse than that predicted by Wagner's equation. 

These exceptions will be considered in the section on Special Cases. 

Kirkmar et al. 3 found that anodic leveling of rough surfaces of 

metals, such as copper, brass, stainless steel, aluminum, and nickel, 

closely follow Wagner's equation when the surface is dissolved at the 

current plateau of the current-voltage curve in concentrated acid 

solutions and when the peak height is less than one tenth the wavelength. 

Leveling can be accomplished by cathodic metal deposition. There 

has been considerable work done on cathodic leveling, and a comprehensive 

review of the factors governing cathodic leveling has been deyeloped 

4 by Kardos. Considering only the primary current distribution for 

cathodic deposition, the surface defects will be enhanced as the deposit 

builds up. Cathodic leveling can be accomplished with the use of 

electrolyte additives which force the current into the recesses. 

Several Russian authors5 have proposed cathodic leveling equations 

which have the same form as Wagner's equation for predicting leveling 

efficiency. Their equations have an extra constant which is 

characteristic of the particular electrolyte-additive. The problem of 

cathodic leveling will not be considered further in this paper. 

To examine the leveling problem in the range of parameters beyond 

those in Wagner's treatment (a - A) we have undertaken a computer-

implemented numerical' calculation procedure. The general problem of 
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the effects of coupled migration and diffusion in the Nernst layer is 

treated first. A discussion of the numerical procedure used in the 

progression of surface profiles follows. In the third section, the 

limiting cases of anodic leveling are presented, and finally a number 

of special cases are analyzed. These special problems will more 

clearly indicate the limits of validity for Wagner's eq~ation. A sine 

wave shaped surface and a semi-circular shaped surface are the initial 

surface geometries considered in this paper. 

B. General Problem 

Outside the mass transfer boundary layer (in the bulk solution), 

convective transport dominates causing the electrolyte composition in 

this region to be essentially uniform; therefore, diffusion is negli-

gible in the bulk solution. Laplace's equation very closely describes 

the potential distribution in this region. A further discussion of this 

6 region is given by Newman. 

Mode~ing of the mass transfer boundary layer is a complex problem 

in the general case since migration and diffusion are coupled through 

the boundary conditions of the mass transfer boundary layer: 

ns = f(l , c ) s s 
Charge transfer overpotential (1) 

nc = RTln(CiS/CiB) Concentration overpotential (2) 

'*> = v - n - n Surface potential (3) 
s electrode s c 

'*>bulk = '*>MTBL At the mass transfer 
boundary layer - bulk solution (4) 

~ulk -= CMTBL interface 
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Neglecting convective transport in the mass transfer boundary 

layer, one· obtains Eq. (5) for the molar flux of component i. 

N. = -V.Vc. 
l. l. l. 

z.u.Fci V~ 
l. l. 

~gration and diffusion are coupled through this equation. 

(5) 

Assuming that no homogeneous reactions occur in the solution, the 

conservation of ionic species i is·expressed by: 

V•N. = o 
l. 

(6) 

With Eqs. (5) and (6), the boundary conditions (Eqs. 1~4) and the 

electroneutrality assumption, the general problem is specified. The 

interdependence of diffusion and migration is quite apparent when one 

attempts to solve this set of equations. A systematic numerical 

6 
solution is outlined by Newman. 

When only one ionic species has a nonzero molar flux, the 

relationship between potential and concentration becomes more obvious. 

Considering a one-dimensional case and integrating Eq. (5) for the 

ionic species with a zero molar flux, one obtains Eq. (7): 

-z.u.F 
l. l. 

v. 
l. 

(7) 

Setting i = k for the current determining ionic species and using 

the electroneutrality assumption, the following equation results: 

1 (8) 
~ 
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Equation (8) indicates that as long as the potential is constant all 

along the surface, the surface concentrations will be the same at any 

point on the surface. When activation overpotential causes the potential 

at the peak to be less than the potential in the valley, the concentra

tion driving force for diffusion at the peak will be· less than in the 

valley. Thus, not only does the activation overpotential render the 

migration flux more uniform than a primary current distribution, but 

also the diffusion flux is also more uniform. 

C. Constant Local Current Density· 

Constant local current density is the least efficient method of 

anodic leveling. When the current density vectors are perpendicular to 

the anodic surface and are of equal magnitude, the current distribution 

is referred to as constant local current density. This condition is met 

for the following two cases: (1) In a migration controlled system in 

which the potential drop at the surface is very much larger than the 

ohmic drop through the solution; (2) In a diffusion controlled system in 

which the equivalent mass transfer boundary layer thickness is the same 

for all points on the anode surface. 

The mechanism for leveling under conditions of constant local current 

density can be understood by considering the geometry shown in Fig. 2. 

The cross section of both the peak and valley are semicircles. The 

circular geometry was chosen because it retains its shape as metal is 

removed at constant local current density. 

At t = t 1 the thickness of metal removed from the surface is equal 

to R, the radius of the semi-circle. Leveling, i.e., a decrease in the 

difference between peak and valley heights occurs when t > t 1 • 

• 
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This induction time t 1 is given by the following equation: 

t 
= riFpR 

I iM 
(9) 

Figure 3 shows that as the radii of the valleys become larger than 

2R, they will overlap causing leveling. From geometric considerations, 

at t > t
1 

the time dependence of the distance between peak and valley 

is given by 

lili= 

for 

R + iMt _ 
nFp 

t >tl 

The decrease in defect amplitude with metal dissolution under 

conditions of constant local current density is plotted in Fig. 4. 

Equation (10) and Fig. 4 also apply for cathodic leveling under con-

ditions of constant local current density. 

D. Numerical Method 

(10) 

A computer program was written to calculate the leveling efficiency 

of sine wave and semi-circular shaped surfaces. As in the case of 

'constant local current density, the primary current distribution case 

is a geometric problem. The primary current distribution cases are 

calculated by a finite difference routine for different defect 

geometries. In each case the electrode separation is significantly 

larger than the wavelength of the defect. The area between the 

electrodes was ~roken into two regions (Fig. 5): a small region near 

the anode (region A) and a larger region that extended to the cathode 
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a= ~h/2 

A.= 4 R 
u = i M t 

n Fp 

OL--------L--------~--~--~--------~ 
0 2 3 4 

u/A 
XBL7610-4315 

Fig. 4. Leveling efficiency of a semi-circular profile under conditions 
of constant local current density (Eq. 10). 
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(region B). This division of the problem into two regions was done 

so that a fine grid could be employed near the anode where the greatest 

change in potential occurs while a course grid could be used for the 

larger region in which the potential changes are more gradual. 

The potential distribution is solved on a quarter wave section 

(Fig. 5) by considering the symmetry of the problem using a rectangular 

grid system with constant potential electrodes. A general recursion 

relation is derived from Laplace's equation for a grid point located 

between four other grid points at arbitrary distances from the central 

grid point (Fig. 6). This general formulation of the recursion relation 

is required for points near the curved anode surface. The order of 

magnitude of the error of this recursion relation is h 2 , where his the 

linear grid dimensiori. 8 

An 1 . 7 ch i d . hi bl overre axat1on convergence s erne s use 1n t s pro em 

with an overrelaxation factor of 1.8. Convergence of the numerical 

method is accepted when the relative difference between old and new 

calculated values for each point is less than l.Oxl0-6 

Once the current distribution is determined from the potential 

distribution, the anode. geometry is adjusted using Faraday's law, 

accounting for current passage over a preset time interval. This procedure 

is continued until the geometry of the anode approaches a flat surface to 

within a prescribed tolerance. The stepwise adjustment of anode 

geometry is carried out using sufficiently small time intervals so 

that the displacement of anode surfaces between each time step is very 

small compared to the peak to valley distance. 
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Region A 

Insulator Reg ion B Insulator 

G X BL 7612- 4508 
Fig. 5. Quarter wave section. The boundary value problem that was 

numerically solved to determine the leveling efficiency of a sine 
wave shaped anode. Typical grid diminsions: 

horizontal vertical 
Region A .05 em .04 em 
Region B .1 em .4 em 

. '• 
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XBL 764-2843 

The central point P is calculated based upon the 
c potentials surround~ng it, P1 , P , P3 , P4 and the 

distances to each of these potentials, h1 , h
2

, h3 , h4 • 
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E. Primary Current Distribution 

A current distribution equivalent to the primary current distribu

tion can result from systems that are migration-controlled or diffusion

controlled. 

Migration-Control: When all the following conditions are met, 

the current distribution will correspond to the primary current distri

bution: 

a. Migration flux is much larger than diffusion flux. 

b. Electrolyte conductivity is homogenous and isotropic throughout 

the solution. 

c. The electrodes are equipotential. 

The question of the relative importance of migration and diffusion will 

be considered later in this paper. From the expression for the 

conservation of charge, Eq. (7) results. 

If the conductivity is constant throughout the solution, Laplace's 

equation will describe the potential field in the solution. 

(7) 

If surface overpotential can be neglected, the anode can be 

considered an equipotential surface. Hence, assuming an equipotential 

anode surface and a constant solution conductivity, a problem described 

by Laplace's equation with electrodes that are constant valued surfaces 

will result. The solution of this differential equation with 

equipotential electrodes will determine the primary current distribution 

which will yield the same leveling efficiency as calculated by Wagner's 

.. 

•• 

" 
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Eq. :(2) when the defect amplitude to wavelength ratio is small. 

Diffusion-Control: When all of the following conditions are met, 

• a current distribution equivalent to the primary current distribution 

will result: 

a. Diffusion current is considerably larger than migration 

curre,nt. 

b. The diffusion coefficient is constant throughout the mass 

transfer boundary layer. 

c. The concentration of the current controlling species is uniform 

at the metal surface. 

This is the same problem that Wagner considered. 

From the expression for the conservation of ionic species in the 

mass transfer boundary layer, the following equation is obtained: 

(9) 

If the diffusivity of ionic species i is constant, Eq. (9) becomes 

Laplace's equation for the concentration field in the mass transfer 

boundary layer. Then a problem with a constant diffusivity and constant 

surface concentration of the current determining species is described 

by Laplace's equation with constant value boundary conditions. As in 

the migration-controlled case, the current distribution on the anode 

will be identical to the primary current distribution. 

Combined Migration and Diffusion Control: Neglecting convective 

transport, Eq. (1) represents the molar flux of species i in an 

electrolyte solution. If only species i is involved in the electrode 
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+Z. -1 
reaction (i.e., M ~ M 1 + Zie ), the current density is given by 

i = nFN. = -z.FV.~c. 
1 1 1 1 

2 2 2 -
z. F u. c.V4> 

1 1 1 

If there is no surface overpotential, and the diffusion coefficient, 

(10) 

conductivity, and surface concentration are constant both c. and 4> will 
• 1 

obey Laplace's equation and both will have the same form of boundary 

conditions. The resultant current distribution will be the primary 

current distribution which will yield the same leveling efficiency as 

Wagner's Eq. (2) when the defect amplitude to wavelength ratio is small. 

Wagner's equation results in a semi-logarithmic relationship 

between defect amplitude and the depth of metal dissolved. The slope 

of this line is -2TI/A. As the ratio of defect amplitude to wavelength 

(a /A) is increased, deviations from Wagner's equation also increases. 
0 

Figure 7 was calculated using the range .001 <a /A< .15. This 
0 

. ' 

indicates that as Wagner's assumption that a<< A is relaxed, the 

leveling efficiency is lower than that predicted by Wagner's equation. 

F. Special Cases 

The limiting cases of anodic surface leveling for the geometry shown 

in Fig. 1 have already been presented: the most efficient leveling is 

obtained with a primary current distribution and the least efficient 

leveling occurs when the local current density is constant. Exceptions 

to these limiting cases occur if current efficiency increases with 

increasing current density, or if the peak height is about the same 

size as the mass transfer boundary layer thickness. This section will 

• 
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Wagner's equation 

1.0 

-
~ 
~ 
N -
' 0.9 
Q) 
0. 

Primary 0 - current 
U) 

dis t r i but ion 

0.8 

0 0.05 0.1 0.15 
a0 1 A 

X 8 L 761 0 - 4 31 6 

·Fig. 7. Comparison between the slopes of the semi-logarithmic leveling 
efficiency behavior of Wagner's equation and a primary current 
distribution. -ln(a/a ) 

Slope = 0 
u 
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be concerned with these and other special cases. 

Defect amplitude is of the same order of magnitude as the mass 

transfer boundary layer and the defect wavelength. When the defect 

amplitude is of the same order of magnitude as the mass ·transfer boundary 

layer and the defect wavelength, the mass transfer boundary layer 

thickness at the peak is very much smaller than in the valley (Fig. 8). 

As a consequence, the diffusional flux will dissolve the peak at a 

faster rate than calculated from a primary current distribution. This 

is not an intermediate case but it indicates what will happen when one 

of Wagner's assumptions is violated. 

The effect of surface overpotential: The effect of surface over

potential is to make the current distribution more nearly uniform 

compared to the primary current distribution. This causes the surface 

memory behavior to fall between the pri~ry current distribution and 

the case of constant local current density (b ~ 00). In Fig. 9 the 

surface memory behavior of a system with a linear surface overpotential 

[b = .5 volt/(amp/cm2) and W = .25] is intermediate to the two limiting 

cases. 

Limiting current: The limiting current for anodic dissolution is 

often determined by the solubility of the current controlling species. 

The solubility places an upper limit on the concentration driving force 

for diffusion. When the dissolving metal ion is the current controlling 

species, the concentration limita.tion is determined 'by the solubility 

product of the least soluble salt of the anode metal with the available 

anions in the solution. When an anion which complexes with the metal 
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~ ANODE~ 

Moss transfer boundary laye~ 
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Fig. 8. Mass transfer boundary layer for the peak is very much 
smaller than for the valley. 
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cation is the current determining species, the limiting current is 

reached when the anion concentration at the surface is zero. Because 

• the concentration of the current determining species is constant at 

the surface at the limiting current, the diffusional current distribution 

will be identical to the primary current distribution. 

Supporting electrolyte: Supporting electrolyte causes the ohmic 

drop between electrodes to decrease. In electropolishing system, 

supporting electrolyte decreases the migration current and thus decreases 

the limiting current. 

Low current densities: At surface overpotentials less than 

.01 volts, the surface overpotential depends linearly on current density 

and the surface concentrations will adjust according to Eq. ( 4) ; 

therefore, the surface memory behavior will be intermediate to the 

two limiting cases. The relative position between the limiting cases 

will depend upon the ratio of the ohmic potential drop to the charge 

transfer overpotential. 

Current efficiency: If the anodic current efficiency increases 

with current density, the leveling efficiency will be improved. If the 

anodic current efficiency decreases with increasing current density, 

the leveling efficiency will be lowered. 

Uniform Mass Transfer Boundary Layer. When the mass transfer 

boundary layer is uniform along the profile (Fig. 10), the diffusional 

flux will also be uniform along the profile at the limiting current. 

A constant thickness of the mass transfer boundary layer can result 

if (1) A + o and A >> a or (2) there is eddy formation in the region 
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Fig. 10. Uniform mass transfer boundary layer. 

" 

XBL 764-28448 



0 0 t} 7 0 / 

-127-

.. between the peaks. The resulting leveling efficiency of the combined 

diffusion and migration fluxes would be such that the defects are removed 

from the surface at a rate intermediate to the limiting cases. The 

relative position of the leveling efficiency between the two limiting 

cases would largely depend upon the ratio of the migrational and 

diffusional fluxes. 

G. Summary and Conclusion 

A broader definition and solution to the problem considered by 

Wagner to predict surface leveling efficiency was presented. 

A general formulation of the problem of surface leveling was 

developed which takes into account simultaneous diffusion and migration. 

The coupling between migration and diffusion was indicated. It is shown 

that the concentration of the 'current determining species at the metal 

surface will be constant if the potential at the surface is constant. 

An outline of the numerical method used to calculate the surface 

leveling efficiency for a primary current distribution was presented. 

A discussion of the convergence method, convergence criteria, and the 

relative error were also given. 

Anodic dissolution under conditions of constant local current 

density was the slowest method of leveling. Conditions were described 

.. 
under which constant local current density distribution prevails. The 

leveling efficiency for a semi-circular geometry was also presented. 

Anodic dissolution under condition of a primary current distribution 

is the most efficient method of leveling. Conditions were described 

under which the current distribution is a primary current distribution 

for systems in which diffusion, migration, or combined diffusion and 
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migration is the dominating transport mechanism of the current controlling 

species. 

The surface memory behavior for anodic dissolution with a primary 

current distribution was presented for various defect geometries. In 

most situations the case of constant local current. density requires an 

order of magnitude more dissolution of metal than a primary current 

distribution for the same degree of leveling. 

Finally, a series of special cases of anodic leveling were 

quatitatively discussed. When the defect wavelength is larger than the 

mass transfer boundary layer, the leveling efficiency is intermediate 

to the limiting cases. When the defect amplitude is the same order 

of magnitude as the mass transfer boundary layer, the leveling 

efficiency is better than for a primary current distribution. Surface 

overpotential causes the leveling efficiency to be lower than that 

of primary current distribution. At the limiting current, the diffusion 

current will correspond to the primary current distribution. Supporting 

electrolyte decreases the migration current. At low current densities, 

the surface memory behavior is intermediate to the limting cases. 

It is understandable why the leveling experiments by Kirkman et al. 3 

closely followed Wagner's equation: The data were taken at the 

limiting current which insures that the diffusion current is similar 

to a primary current distribution. The electrolyte used was a 

concentrated acid solution which causes the ratio of migration current 

to diffusion current to be small. 

If leveling processes are operated at the limiting current with 

supporting electrolyte, high efficiency leveling, as predicted by 

.. 
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Wagner's equation, should be obtained. An exception to this rule can 

occur if the mass transfer boundary layer follows the contour of the 

defect (Fig. 10). 

v 
) 



-130-

REFERENCES 

1. J. Edwards, J. Electrochem. Soc. 100, 223c (1953). 

2. c. Wagner, J. Electrochem. Soc. 101, 225 (1954). 

3. s. I. Krichmar, Russ. J. Phys. Chem. 22.(2)' 139 (1963). 

s. I. Krichmar, Russ. J. Appl. Chern. li(lO), 2217 (1964). 

s. I. Krichmar and A. Ya. Pronskaya, Russ. J. Phys. Chem. 39 ( 6)' 

730 (1965). 

4. 0. Kardos, Plating, Feb. 1974, pp. 129-138. 

o. Kardos, Plating, March 1974' pp. 229-237. 

o. Kardos, Plating, April 1974, pp. 316-325. 

5. L. A. Kuznetsova, N. Ya. Kovarskii, s. S. Kruglikov and 

T. A. Smirnova, Soviet Electrochem. 10, 687-90 (1974). 

6. J. S. Newman, Electrochemical Systems, (Prentice Hall, NJ, 1973). 

7. R.N. Fleck, M~ S. Thesis, University of California, Berkeley, 

(1964). 

8. L. Lapidus and J. H. Seinfeld, Numerical Solution of Ordinary 

Differential Equations, (Academic Press, NY, 1971). 

(.I 

./ 



)· 

0 0 1) 0 ,(,~ 7 0 6 .s 

-131-

LIST OF SYMBOLS 

a amplitude of the surface defect 

c. concentration of ionic component i 
l. 

Di ionic diffusivity of ionic component i 

F Faraday's constant (96,550 coul/eq) 

G electrode separation 

i current density 

M molecular weight of the anode metal 

N. molar flux of component i 
l. 

n valency of dissolution of anode metal 

t time 

ui ionic mobility of component i 

~V applied voltage 

z. valency of component i 
l. 

neT charge transfer overpotential 

nc concentration overpotential 

A wave length of surface defect 

ionic equivalent conductance of component i 

~ electric field potential 

o mass transfer boundary layer 

p density of the metal anode 

K conductivity of the electrolyte 
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LIST OF SYMBOLS 

concentration of component i 

ionic diffusivity of components i 

Faraday's constant (96500 coul/equivalent) 

tool piece feed rate 

Gibbs free energy of reaction 

total current 

exchange current density 

current density 

current density at the surface 

molecular weight of anode metal 

valency of dissolution of anode metal 

electrolyte volumetric flew rate 

Reynolds number based upon the hydraulic diameter 

cross-sectional area of electrolyte flow 

temperature 

ionic mobility of ionic species i 

the electrolyte velocity vector 

l1V applied voltage 

effective voltage 

charge transfer overpotential 

reversible cell potential 

f1Vfilm voltage loss due to an electrode film 

Z wetted perimeter of the cross-sectional area of the electrolyte 

flow 
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zi valency of ionic species i 

B Tafel parameter 

K electrolyte conductivity 

p density 

n current efficiency of anodic reaction 

£ gas void fraction 

~ electric field potential 

~ electrolyte viscosity 
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