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STUDIES ON THE ANODIC DISSOLTYriON OF COPPER AT HIGH CURRENT DENSITIES 

Kimio Kinoshita 

Inorganic Materials Research Division, 
and Department of· Chemistry 

Lawrence Radiation Laboratory 
Berkeley, California 

September 1969 

ABSTRACT 

A fundamental investigation was conducted on the influence of 

electrochemical and mass transfer phenomena on the anodic dissolution of 

copper under conditions comparable to electrochemical machining. Maximum 

current densities of So amp/cm
2 

and flow rates of 600-700 em/sec were 

used in a 3 mm wide rectangular flow channel with a l mn1 electrode sep-

aration. The apparent valence of copper dissolution was determined from 

anode weightloss measurements at various flow rates in 2N KNo
3

, lN K2so4, 

lN H2so4, and 2N KCl. Two distinct modes of dissolution, active and 

transpassive, occurred depending on experimental conditions. In the 

active mode, the apparent valence is 2.0 in nitrate and sulfate, and 1.0 

in chloride. At higher current densities in the transpassive mode, the 

apparent valence changes to a limiting value of 1.6 in nitrate and sulfate, 

and l. 2 in chloride. This behavior can be explained by the simultaneous 

dissolution of copper as univalent and divalent ions. An experimental 

determination, using a commercial oxygen analyzer, showed that less than 

1% of the total current was consumed in the anodic evolution of oxygen. 

The limited mass transfer rate of dissolved products from the anode is 

believed to be responsible for the onset of passivation at higher current 

densities. 

A motion picture study of anodic copper dissolution under free convec-

tion verified that the formation of passivating layers is associated with 

a step increase in cell voltage. 
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INTRODUCTION 

The anodic dissolution of metals is of great technical importance 

and has, therefore, been investigated extensively. Corrosion and electro-

polishing are examples of anodic dissolution processes occurring at low 

current densities. Recently, anodic dissolution at extremely high current 

density has been used in the technical process of electrochemical machin-

ing (ECM) to shape and cut metals and alloys. Current densities employed 

in ECM are 2-3 orders of magnitude higher than, for example, electro-

polishing. Typical operating conditions employed in ECM and electropolish-

ing are compared in Table I. High electrolyte flow rates and close elec-

trade spacings are characteristics of the ECM process. It is interesting 

to note, that even under the extreme conditions employed in ECM, it is 

possible to obtain surface finishes comparable to those obtained in 

electropolishing. 

The experimental and theoretical study of ECM has as yet not received 

much attention and as a result, the phenomena occurring under conditions 

typical of ECM are largely unexplained. Up to now, only a few 

. . 4 8 10-12 
studies ' ' concerned with technical parameters in ECM, for example 

cathode feed rate, electrolyte pressure, and applied voltage were avail-

able. Although this investigation is not directly concerned with the 

technical problems encounte.red in ECM, a brief discussion of experimental 

results concerning different aspects of ECM is presented in the next 

section. 

The purpose of this research is to investigate the influence of 

electrochemical and mass transfer phenomena on the anodic dissolution of 
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Table I. Comparison of high and low current density anodic dissolution. 

Experimental Variable/'
2

' 3 High Current Density 
(Electrochemical
machining) 

Current density 5-500 amp/cm
2 

Anode current efficiency 

Anode-cathode separation 

Electrolyte motion 

Electrolyte pressure 

* Surface roughness· 

(average depth) 

Typical metal removal 

rate 

Electrolytes used 

* 

9-100% 

0.25-0.50 mm 

3000-1000 em/sec 

10-350 psi 

0.2-0.8 microns 

** 0.012-0.4 em/min 

mainly salt solutions 

Low Current Density 
(Electropolishing) 

up to about 1. 55 

amp/cm
2 

4o-8o% 

> 1 em 

0-40 em/sec 

approximately 1 atm 

< 0. 5 microns 

0.0002-0.005 em/min 

mainly concentrated 

acid solutions 

average surface roughness using a conventional machining technique 

such as milling is 0.8-6 microns (2) 

** value quoted for electroshaping-type ECM operation 
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metals under conditions comparable to those employed in ECM. In 

:particular, the influence of current density, flow rate, and electrolyte 

composition on the anodic dissolution of copper were investigated in 

an experimental system with controlled hydrodynamic conditions. Copper 

was chosen as the anode material because of its relatively well-known 

chemical and electrochemical behavior in aqueous solution. Also, 

copper is a noble metal which is corrosion resistant in the elec

trolytes considered. 
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II. Electrochemical Machining 

A. General Description 

The use of an electrochemical technique to "machine" metals and 

alloys is a relatively new process. In 1958 a u.s. patent was filed by 

L. A. Williams 5 in which the inventor proposed the use of electrolysis 

to shape metals and metalloids. Since that time the application of this 

idea has expanded into a multi-million dollar industry. 
6 

Because the .,... 

hardness of the metal does not affect the ECM operation, this process 

is finding many applications in machining the super-strength alloys. 

A schematic diagram of a typical ECM process is shown in Fig. l. 

A section of the metal to be machined is made the anode in an electrolysis. 

cell. The cathode corresponding to the tool in the machining process is 

slowly advanced towards the anode but separated from it by a small gap 

through which an electrolyte is rapidly moving. The shape of the anode 

after electrolysis depends on the design of the cathode. The end result 

. th t th d. l d d h . t l th " t. " " . lS a e lSSO ve ana e as approxlma e y e nega lve or mlrror 

image" contour of the cathode. 

A small electrode separation is necessary to minimize the ohmic 

resistance in the gap and thereby decrease the electrical power consump-

tion. Also the dimensional accuracy of reproducing the contours of the 

cathode onto the anode is increased by using a small electrode gap. 7 

Operating at constant cell voltage, due to an inherent compensating effect, 

a constant electrode separation
8' 9 is automatically maintained. If the 

electrode separation becomes smaller, this causes a decrease in the ohmic 

re.sistance between the electrodes and, therefore, the current increases. 
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.,_Insulation 

-- Electrolyte 
flow 

XBL 6810-6086 

Figure l. Schematic of the electrochemical machining :process. 
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The higher current leads to a higher rate of metal removal and thus the 

gap increases again. If the electrode separation becomes larger, the 

current will decrease until the original separation is again achieved. 

These considerations assume that the cathode rate of advance is constant 

and not too different from the metal removal rates which can be attained 

with the use of the given constant cell voltage. 

Anodic dissolution to shape and cut metals at current densities used 

in electropolishing and conventional electroplating is impracticably slow. 

A practical machining rate is of the order 5 x 10""3 em/sec. In electro-

polishing, using relatively insufficient stirring of the electrolyte, the 

maximum current density is approximately l. 5 amp/cm
2

• This would corre

spond to a machining rate of 5.6 x 10- 5 em/sec for the dissolution of 

copper forming cupric ions in solution, a rate that is two orders of 

magnitude too slow. 

The high current densities employed in ECM present additional problems 

not encountered at low current densities. The high current densities 

necessitates a rapid movement of the electrolyte between the two elec-

trades in order to remove any reaction products and to dissipate the 

heat generated. 2 3 A simple calculation shows that at 100 amp/em , 13 em 

2 hydrogen gas is evolved. at the cathode per l. em electrode surface area 

per second, at l atm pressure and 300 deg K. If a large amount of gas 

is allowed to accumulate between the electrodes, detrimental develop-

ments such as sps.rk discharge can occur. By means of an example based on 

l 
mass transfer eonsiderations at the anode, Faust points out the necessity 

for high flow rates in ECM. In order to pump the electrolyte at high · 

velocities, tremendous pressures are needed as shown in Table l. 
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The two fundamental relationships w):lich govern ECM behavior are 

Ohm 1 s law and Faraday 1 s laws of electrolysis. The following experimental 

correlations have been reproduced under different ECM conditions: 

(i) electrolytic metal removal rate was found to be linearly 

. . . 8 10-16 proport1onal to the current dens1ty, ' (Faraday's law) 

(ii) cell voltage was found to be linearly proportional to the 

current density8' 12-l4, 16 (Ohm's law). 

These two experimental correlations are applicable only under 

certain experimental conditions. If the current density and therefore 

the potential is high enough, more than one anodic reaction or change 

in the valence of the dissolving metal may occur and the relationship 

between electrolytic metal removal rate and current density will no longer 

be linear. For iron
10 

it was found that at current densities greater than 

80 amp/cm
2 

the metal removal rate deviated from the linear relationship 

existing at lower current densities. No explanation for this behavior 

was presented. The complicated nature of the influence of current density 

and flow rate on temperature rise and electrolytically generated gas con-

tained in the electrolyte may lead to deviations from linearity of the 

* cell voltage-current density relationship. 

* See discussion under Section I-E. 
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B. Current Efficiency and Electrode Reactions 

The current efficiency¢, based on a calculation using Faraday's 

laws of electrolysis is an important parameter in ECM. The current 

efficiency can be defined as the ratio of the wt. loss of an anode to 

the theoretical wt. loss. ¢ is expressed in terms of Faraday's law as 

tw (1) 
¢ = (Q M/:zF) 

where & = wt. loss of anode (gm) 

Q = charge passed (coulombs) 

M = atomic weight of metal (gm) 

z = valence 

F =Faraday's constant 96500 (coul/gm eq) 

Kleiner17 reported current efficiencies of the order 90-iOO% for ECM. 

For the electrolytic grinding of iron, Cole
18 

reported ¢ of 100%. Maeda; 

et a1.
10 

also found iron to dissolve anodically with ¢ = 100% at current 
I 2 

densities up to 80 amp/em . Both values of ¢ for iron are based on a 

valence change of +2. At higher current densities, the value of ¢ for 

iron decreased. Faust1 used a weight-loss measurement and found¢ 97-

100% for anodic dissolution of steel in acid and neutral solutions. 

· 'I'he calculation of ¢ requires knowledge of the stoichiometric reaction 

occurring at these high current densities. In many cases the electro-

chemical reactions are not known and so assumptions must be made to 

calculate ¢. 14 
Thus, Cole reported current efficiences ranging from 40-

150%. ¢ higher than 100% may be due to electrode rea,ctions of lm•er 
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valence than assmned or some form of "anodic disintegration" which will 

be discussed later. 

In general the cathodic reduction reaction is the evolution of 

hydrogen gas. In some cases, plating out of the cations dissolving at 

the anode occurs. This secondary electrodeposition reaction is undesir-

able since the shape of the ca.thode can be altered. 

The anode reaction depends on the metal or alloy used as well as 

the choice of the electrolyte. The anodic dissolution reaction can be 

represented as 

z+ 
M __. M + ze (2) 

where z is the valence change. This reaction considers only the valence 

change in the charge transfer reaction. Of equa.l importance for :practical 

ECM operations is the alternative reactions that occur in solution, such 

as the formation of soluble complexes or solid insoluble :products. For 

38 example, the anodic dissolution of molybdenQm in neutral solutions is 

impaired by the formation of a black :precipitate. In basic solutions the 

soluble molybdate ion is formed,which does not impair the ECM operation. 

Under certain conditions the formation of an anodic oxide film can occur 

which limits the metal removal rate. 19 Cook et al., used a :pulsed DC 

current with short reversed :polarity current to eliminate the film forma

tion on tungsten carbide work:pieces. Previous to this, Chartier
20 

investigated the :possibility of using AC currents for ECM. 
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In neutral or basic solution, the metal cation and hydroxyl ions can 

form a hydroxide precipitate which may affect the machining process. The 

use of acid electrolytes may prevent the formation of hydroxyl precipi-

ta.tes. In practical ECM operations the electrolyte is used many times 

and thus removal of metal ions and precipitate becomes a. technically 

important problem. The practical consequences of metal cations and 

hydroxide precipitates on the machining process is discussed by DeBarr 

d D A 01 . 21 an . • 1ver. For example, the presence of greater than 6 gm/ Pt 

++ I Fe , in a. 2ojo wt vol. HCl acid solution used in the ECM of 0.2% carbon 

steel, resulted in poorer surface finish and increase in overcut. 

The analysis of soluble and insoluble anode reaction products is 

important for determining the current effeciency and the anodic reactions 

which are occurring. Results of the valence change upon anodic dissolu

tion of iron10 and stee177 have been reported. In both cases the anode 

dissolves forming ferrous ions. As determined by spectroscopy, the 

anodic dissolution77 of Nimonic 90 alloy (20% chromium) in neutral solu

tions yields Cr+6. 

In only a. few cases have the solid anode reaction products been 

identified. A film of Y-Fe2o
3 

was detected by electron diffraction on 

24 . ( . ). steel anodes dissolving in Na.Cl0
3

• · Fe2o
3 

ma.gnem1te and a-Fe2o
3 

was 

detected by x-ray analysis as reaction products during the anodic dissolu

tion of iron in Na.No
3 

at high current densities. 12 
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C. Influence of Electrolyte 

The choice of an electrolyte to be used for ECM applications depends 

on many factors. Industrially important considerations such as cost, 

corrosive nature,and availability in many instances determine the electro-

22 
lyte chosen. A recent survey by Anocut indicated that NaCl is the most 

common salt used,with concentrations ranging from 2-4 moles/liter. 

The possibility of using fused salts as an electrolyte has been considered. 19, 23 

The anodic dissolution of Cu in molten ZnCl2 at temperatures greater than 

+ 700°F resulted in Cu formation. Experiments in stagnant aqueous and molten 

ZnCl2 electrolytes show that a much higher current density can be reached 

in the latter case. 

The electrolyte employed in ECM is chosen primarily on the basis 

of its ability to permit anodic dissolution to occur at a high level of 

efficiency. For iron-based alloysf the tendency of the anode to become 

passive is decreased by the use of chloride containing electrolyte. The 

anodic dissolution of molybdenum in netral chloride solutions resulted in 

the formation of a black precipitate on the electrode surface38 and impaired 

the ECM process. Since molybdenum oxide dissolves in basic solutions to 

form molybdates, alkaline solutions are generally used. 

The two examples mentioned above for iron-based alloys and molbydenum 

point out the importance of understanding the electrochemical behavior of 

the system used in order to successfully electrochemical machine a 

material. 

24 
Hoare et al. have investigated the influence of different electo-

lytes in ECM and found the formation of a protective film on the anode is 

conducive to better dimensional control. 
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As yet, no general rules have been established for the choice of 

electrolyte to be used with different metals or alloys. Investigations 

in this direction are being conducted at General Motors24, 29,35 where 

a wide variety of metal and electrolyte combinations are being tested. 

Electrolytes which cause a "slight" passivation of the anode result in 

the best dimensional control for ECM29 but the reasons for this behavior 

are not fully understood. 

'" 
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D. Thermal Effects 

The temperature incr~ase L'TI' of the electrolyte during high current 

l. b 0 . t ll B l 12 density electro· ysis has een studied by p1. z, ayer, et a ., and 

Cole. 13 Opitz did not mention the method used to make the temperature 

measurements but reported L'TI' in the electrolyte as high as 45°C. Bayer 

measured the temperature of the electrolyte before and after the electroly-

sis region using thermometers. Temperature changes in the electrolysis 

cell were also measured by embedding thermocouples into the cathode at 

a distance of 0.25 mm from the electrode surface. Under the experimental 

conditions investigated, L'TI' of the electrolyte entering and leaving the 

electrolysis region were in the order of l-l7°C. Cole measured L'TI' using 

thermometers placed before and after the electrolysis zone. L'TI' of up to 

8°C were measured. 

An expression for approximating the temperature rise in the electrode 

2 ' 
gap can be derived by assuming that L'TI' results solely from the I R loss 

in the electrolyte and the heat produced is removed entirely by the flow-

ing electrolyte. Accord~ngly 

ffi'= (3) 

where I ::: current (amps) 

R ::: electrolyte ohmid resistance (ohms) 

d electrode separation (em) 

pe density of electrolyte (gm/cm3) 

s· specific heat of electrolyte (cal/gm) 

q - flow rate (cm3 /sec) 
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K specific conductivity of electrolyte (ohm-1 cm-1 ) 

A = 2 
electrode area (em ) 

In order to compare measured temperature changes and the calculated 

.6T from Eq. 3, constant physical properties were assumed, i.e., gas 

bubbles, and electrolysis reaction products were neglected. The measured 

.6T reported by Hopenfeld and Cole 13 are shown in Fig. 2. These values 

were obtained during the anodic dis solution of aluminum in 1. 7N KCl~ The 

solid line represents the values of .6T from Eq. 3. Considering the assump-

tions used, the measured and calculated results show fairly good agreement. 

25 . 
According to Foertmeyer, the temperature change has the greatest 

effect on the conductivity of the electrolyte. The conductivity k(T) 

as a function of temperature is usually expressed as 

K(T) = K(1') (1 + OOT) ( 4) 

where K(T? specific conductivity of electrolyte at temperature T' 

constant 

.6T = T - T' 

The effect of a temperature increase on the electrolyte conductivity can 

best be seen by an example. 
12 

For NaCl the constant ex has a value 0.024, 

therefore, a 45°C increase in temperature would result in a lOCJ'/o increase 

in conductivity. 

The energy dissipated in the overcoming of viscous forces adds a very 

small contribution to the temperature increase in the electrode gap • 

The temperature rise due to viscous forces 

th t
. 26 

· e equa lon 
.6T P /s p 

v v e 

.6T can be calculated from 
v 

10-7 (degC) ( 5) 
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15 
Measured 

o 13.9 CM3/SEC 
031.5 " V46.7 " A61.8 " 13.9 CM3JSEC 

10 - Calculated 
..-
C'..) 
0 .._., 
.... 
<J 

5 

10 20 30 40 
Current (amps) 

XBL 6810-6085 

Figure 2. Measured temperature changes of 1.7N KCl during the electro
chemical machining of aluminwu (data. by Hopenfeld and Cole13). 
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where P is the pressure required to overcome viscous forces. For 
v 

typical values of P ,s and p , ~ is negligible compared to the ~ 
v e v 

resulting from Joule heating. 

E. Anode Potential and Cell Voltage Measurements 

To understand the anodic behavior of metals, a method must be 

designed whereby the experimentally measured parameters ~an be correlated 
\ 
J 

to possible reactions occurring at the anode. A common technique at low 

current densities is to relate a measured anode potential to possible 

anodic reactions. At high current densities the IR - drop inherent in 

the conventional method of electrode potential measurements leads to 

erroneous results unless a correction can be made. 27 

8 28 127 
Cole and Hopenfeld, Bergsma, and Bayer, et al., ,measured anode 

potentials during high current density electrolysis. Cole used a tungsten 

wire reference electrode embedded in a cylindrical anode.""' The significance 

of his results is questionable because of the choice of reference electrode 

and the use of an electrically non-isolated backside capillary. Bergsma 

and Bayer used a calomel reference electrode with a liquid connection· 

between the anode and reference cell. Although Bayer applied a current-

interruption technique to measure E + IE I represented in Equation 6, a c 

his reported values included the IR-drop, which should vanish upon 

current interruption. Bergsma concluded from his measurements that 

anodic passivation had occurred during the anodic dissolution of carbon 

steel in NaN0
3

• Bayer concluqed from his measurements that a surface 

film was formed on the anode during dissolution at high current densities 

using iron. 



An estimate of the magnitude of the voltage drops at the electrodes, 

which is present at high current densities, can be calculated. This is 

done by equating the total cell voltage E to the voltage drops at the 

anode E , cathode E and in the electrolyte E • This gives 
a c e 

E = E + IE I + E (6) 
·a c e 

The voltage drop in the electrolyte can be estimated as an IR-drop 

between the electrodes. For two parallel plate electrodes 

E = IR = id/K. e 
(7) 

where i is the current density, d is the electrode separation. Using 

8 
results reported by Cole and Hopenfeld, for the anodic dissolution of 

Type 304 stainless steel in 2N KN03, a value for E + IE I can be cal-
a c 

* culated. A constant electrolyte conductivity and a fixed electrode 

separation were assumed. These results for all flow rates are shown 

in Table II. At low flow rates, especially at 32 and 16 cm3 /sec, Cole 

and Hopenfeld found the cell voltage - current density curve deviated 

from linearitY.• The voltage drop E + IE I calculated in this manner are 
a c 

of approximately the same magnitude as found in conventional anodic 

dissolution studies. 

-)(· 

'rhe effec:t of reaction products on the electrolyte conductivity were. 

neglected, and the temperature was assumed constant. 
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Table II~ Calculated values of E + IE I (Obtained from results by Cole a c 
8 

and Hopenfeld ) for the anodic dissolution of type 304 stainless steel 

in 2N KN0
3

• 

Flow Rate i ~ E E + IE I = E - E e a c c 

101 cm3/sec 136.3 amp/em 
2 lOV lOV 

179·0 12 13·3 

222.5 14 16.5 

262.0 16 19.4 

56 126 10 9·3 

146.5 12 10.8 1.2 v 

172·9 14 13.4 o.6 

214.0 16 15.8 0.2 

44 105 10 7.8 2.2 

126 12 9·3 2.7 

143.5 14 10.6 3.4 

165.0 16 12.2 3.8 

32 99·6 10 7·4 2.6 

116.0 12 8.6 3.4 

128.0 14 9·5 4.5 

136·5 16 10.1 5· 9 

16 64.0 10 4.7 5·3 

72.4 12 5·4 6.6 

77·5 14 5·7 8.3 

82.6 16 6.1 9·9 
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In a flow system where anode potentials were measured, Ea in the 

order of a few volts were reported. 29 At high flow rates, the value of 

E + IE I is small compared to the value of E • Under these conditions 
a c e 

the ohmic drop in the electrolyte contributes the largest fraction to 

the total cell voltage and is therefore the controlling factor in 

determining current density during constant voltage experiments. At low 

flow rates E + IE I is a large fraction of the total voltage E. This 
a c 

situation could arise if an added IR-drop is present (i.e., an ohmic 

resistance due to surface film at the anode) which is not calculated as 

part of the electrolyte resistance. 
28 

Bergsma reports anode potentials 

of about 4 volts 

steel in NaNo
3

• 

at 30 amp/cm
2 

during the anodic dissolution of low carbon 

Anode potentials of about 3· 5 volts at 10 amp/cm
2 

were 

24 
reported by Hoare for the dissolution of a rotating steel anode in 

NaC10
3

• Hoare's measurements showed the anode potential was independent 

of rotation speeds between 160-7550 rpm. From these results it was con

cluded that the metal removal reaction was activation controlled. 24 In 

28 24 both cases reported by Bergsma and Hoare,. the anode was considered 

passive at these current densities. 24 28 
The reported results ' suggest 

that the anode potentials at high current densities are "normal" i.e., 

except for an added IR-drop in the passive la.yer, the anode potential 

appears to follow the Tafel behavior found at lower current densities. 
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Cole 
8 

explained the deviation from linearity of the cell voltage-

rr · 11 . 
current density curve in Table II, as a cathode effect resultlng frc:m 

the; hydrogen gas evolved. The presence of the gas bubbles cause· an 

"increase in gap resistance resulting in the observed departure of the 

. 1" "t 118 . curves from lnearl y. Cole discounts the possibility that an anodlc 

phenomena is responsible for this deviation on the bas is of the measured 

linear anode potential-current density curve which he found was independent 

of flow rate. 

At constant cell voltage used in ECM, if the IR-drop 

is iJ1llorta nt in controlling the current density, then the conductivity of 

the solution and the electrode separation should have a great influence. 

Depending on the electrolyte concentration, a different slope in the cell 

lt t d . t bt . d 14 . . t vo age-curren ensl y curve was o alne , whlch changed ln agreemen 

with conductivity variations. The current density was found to decrease 

. th . . 1 t d . f t 11 . lt 10 h . h Wl lncreaslng e ec ro e separatlon or a constan ce vo age, w lC 

further emphasizes the importance of the ohmic contribution of the electro-

lyte in controlling ECM operating parameters. The validity of Ohm's law 

for different flow rates and electrode separations was noted by Hopenfeld 

and Cole. 13 

The above calculation of E + IE I was based on the use of an electro-
a c 

lyte conductivity independent of gas bubbles and solid anode products. 

12 
Bayer, et al. found that the solid products· (sludge) did not signifi-

cantly affect the electrolyte conductivity in their experiments. The 

infJ.uence of gas bubbles on the electrolyte conductivity has also heen 

investigated and will be discussed further. 
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F. Influence of Gas Bubbles 

·The generation of hydrogen gas at the cathode during ECM o~rations 

reduces the effective conductivity of the electrolyte and can alter the 

current density distribution between the electrodes. The hydrogen 

gas produced in experiments conducted by Cole 
8 

is thought to be the 

reason for deviation from linearity of the cell voltage-current density 

curve. 

The decrease in conductivity of electrolytes due to the presence of 

a non-conducting dispersion can be related to the volume fraction (f) of 

the dispersed phase. 3° For spherical particles which are insulators, the 

effective conductivity K and the dispersion-free conductivity I< can be 
e 

related to the volume fraction as 

K 
e = (8) 

Tobias31 showed quantitatively the effect of gas evolution on current 

distribution and cell voltage, incorporating the above Eq. 8 in his mathe-

mat ical model. The local current density decreases in the direction of the 

motion of the gas bubbles with a relationship depending on a dimensionless 

parameter containing the conductivity of the electrolyte. Experimentally, 

Rousar, et a132 showed that the increase in volume fraction of gas in the 

direction of electrolyte flow results in an increasing ohmic resistance. 

Consideration of temperature (due to an IR-drop in the electrolyte ) 

but not the volume fraction of gas bubbles an electrolyte conductivity 

would lead to the opposite result which was mathematically and experimen

tally observed above. 31, 32 
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~T and fact in opposite directions on the electrolyte conductivity 

K; as to which influence is greater, depends on the particular system 

considered. 

Hopenfeld and Cole13 made optical observations of the gas bubble 

formation during the anodic dissolution of aluminum at high current den-

sities. The maximum value of f was estimated to be 0.18 under the con-

dition chosen. Their experimental data was correlated to semi-empirical 

equations which consider the void fraction effects on conductivity. They 

concluded that the increasing gas bubble layer and temperature change in 

the direction of flow had a compensating effect which tends to make the 

current distribution over the electrode surface uniform. In a subse-

quent paper, 33 they concluded that the effect of gas evolution has a greater 

influence on the electrolyte conductivity than the temperature increase 

and therefore the local current density is higher at the leading edge 

of the anode in a rectangular duct flow channel. 

G. Surface Characteristics 

The application of anodic dissolution has been very successful in 

achieving a polished surface on a wide variety of metals and alloys. This 

technique commonly called electropolishing has been investigated exten

sively by Jacquet. 34 The "electropolishing11 of metals is~possible only 

under certain current density and anode 'Potential conditions. The 

current densities generally employed are an order or two smaller in 

magnitude than is common in ECM. 

The use of electrochemical methods to remove metal from surfaces and their 

effects on the mechanical properties of the metal has been reviewed 

by Gurklis.
2 

It was found that the yield strength, ultimate tensile 
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strength, sustained load strength, ductility, hardness, etc. for most 

metals and alloys were not affected by electrochemical metal removal techni-

ques. Whereas mechanical methods cause surface damage, ECM does not im-

part any mechanical stresses to the surface layer. 

The surface finish obtainable using high current densities were found 

to depend upon electrolyte properties, flow characteristics, temperature, 

12 8 and metal removal rates. Cole and Hopenfeld found that the polishing 

effect was independent of electrolyte flow rate and temperature within 

the range of their experiments. Gurklis
2 

reported that the material 

and the electrolyte are the two most important items governing surface 

finish. 

To obtain a desired surface finish requires a correct choice of opera-

ting conditions which are in most cases obtained by trial and error 

techniques. An improper metal-electrolyte combination can also lead to 

non-uniform dissolution. 2 

Besides operating ra rameters' the material itself may greatly influence 

the surface finish attainable. In general, large grain size, presence 

of insoluble particles (such as graphite), and variations in chemical 

. t• . 1 1 . . .. h 25 composl 1ons 1n an a loy may ead to a rough or pltted surface f1n1s • 

28 
Bergsma studied the electrochemical rrachining of low carbon steel 

in mixtures of NaCl and NaNo
3 

solutions. His results show that solutions 

with a greater amount of NaCl leads to a bright surface whereas increasing 

the NaNo
3 

content caused pits and irregularly dissolved surfaces. Similar 

experiments using a.luminilln indicate that, when the Cl- jNo; ratio decreases, 

the surface finish becomes better. 

The influence of tlie electrolyte on the surface finish of the anode 

has been investigated by LaBoda and McMillan. 35 For the electrochemical 
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machining of hard steels, NaC10
3 

resulted in a surface finish superior to 

that obtained with NaCl. Excellent dimensional control using NaC10
3 

was 

attributed to its very low throwing power. 

Using a potentiostatic technique, McMillan and LaBoda29 found that 

electrolytes causing a slight passivation of the anode were more suitable 

for ECM requirements than electrolytes where little or no passivation 

occurred. 

No explanation was given by LaBoda and McMillan29,35 to interpret 

their results except for stating the importance of a passivation pheno-

36 
mena occurring on the anode. Meleka suggested that the role of the 

anodic passivating film is to prevent selective etching of different 

anode areas. Different constituents in an alloy have different decomposi-

tion voltages for anodic dissolution, and the formation of an anode film 

counteracts this difference to yield a better surface finish. 

Research directed towards the understanding of the phenomena occurring 

at high current densities typical of practical ECM operations has lagged 

behind the experimental investigations concerned with the control of 

operating parameters such as electrode design, electrode separation, 

cathode feed rate, applied voltage, electrolyte pressure and tempera-

t 
10,12,13,16 

ure. Recently, some studies have been conducted to understand 

the electrochemical factors involved in high current density anodic dis-

solution. The role of passivation and its influence on the surface 

finish has been considered. 24, 29,35 High current density anodic dissolu

tion studies on copper67 under controlled hydrodynamic conditions revealed 

that in this system the onset of passivation is due to a mass transfer 

,,, 
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limitation of dissolving cations from the electrode. The dissolution 

of copper proceeds either in the "active" or the II • II transpass1ve mode, 

depending on the current density and flow rate. After active dissolu-

tion, the copper surface appeared dull and etched, whereas after passive 

dissolution a pitted, bright surface resulted. 67 

The current efficiency of the anodic dissolution reaction has 

received very little attention in studies at high current densities. 

This is an area of considerable importance since in practical ECM opera-

tions the cathode feed rate is dependent on the current efficiency of 

the anodic dissolution reaction. Since the reactions occurring during 

the high current density anodic dissolution of copper are to be studied, 

the electrochemical behavior of copper is first discussed in the next 

section. 
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III. THE ANODIC BEHAVIOR OF COPPER 

Copper has two common valence states, +1 and +2. The standard 

+ ++ So 
potentials E of metallic copper and its Cu and Cu ions are 

0 

+ Cu++ E +0.153v (9) Cu ___, + e 
0 

Cu 
++ 

+ 2e E +0.337v (10) ---> Cu 
0 

Cu 
+ 

E +0.520v (11) ---> Cu + e 
0 

Cuprous ion is unstable in aqueous solutions and disproportionates to 

cupric ion and copper metal until the following equilibrium is established 

++ 2Cu+ Cu + Cu = (12) 

-6 40 
The equilibrium constant 1 x 10 was determined experimentally by Fenwick. 

More recently, the value 5.6 x 10-7 was obtained by Tindall and Brucken-

41 ++ 
stein, using a ring-disk electrode. Thus at high concentrations of Cu 

' 
the relative amount of Cu+ will be very small. 

When copper is dissolved anodically, it is possible to obtain approxi-

mately 100% cuprous ion or cupric ion in solution, depending on the experi-

mental conditions. 
+ 

In solutions not containing ligands to complex Cu 

++ 
ions, copper initially dissolves as Cu . This leads to an increase of 

++ 
Cu concentration near the anode surface and results in two effects. 

+ First, in order for the equilibrium Eq. (12)to be maintained, Cu may be 

++ 
formed by reaction between Cu and the Cu electrode. Secondly, the anode 

+ potential is increased in the direction which favors Cu formation. 



-28-

++ 
Thus the formation of Cu is always simultaneously accompanied by forma-

+ tion of Cu • Since the cupric ion concentration at the anode is higher 

than the bulk concentration, more Cu + will form than corresponds to the 

equilibrium value away from the electrode. + The Cu disproportionates to 

establish the equilibrium between the copper species. The presence of 

metallic copper powder near the anode is the result of this disproportiona.

+ tion. Cu can be oxidized by atmospheric oxygen in the presence of an 

acid, or in neutral solution, hydrolysis may occur to form Cu2o. 

++ The increase in Cu concentration at the anode surface will eventual-

ly lead to precipitation of a copper salt of the anion in solution. This 

crystallization of the salt on the electrode is believed to be responsible 

42 43 44 
for large changes in anode potential or current ' at constant 

current or constant voltage respectively. Simultaneously with the forma-

tion of the salt layer or immediately after, an alternate reaction, the 

. 45 direct formation of an oxide, becomes thermodynamically poss1ble. In 

the initial oxide formed.
46 

neutral or acidic solutions, Cu2o is 

42 
Federova associated the sharp anode potential rise, during constant 

current anodic Cu dissolution in Cuso4, with the crystallization of cuso4 

on the anode surface. Under potentiosta.tic conditions, a. "limiting current" 

was observed when Cu was anodically dissolved in H3Po4.47 The limiting 

47 current is considered to be the current a.t which the copper salt solubility 

is exceeded and a. precipitate forms on the anode. This current shows 

features which are common for a. mass transfer-controlled current, i.e., 

the overall rate of tl).e reaction is determined by the diffusion of the 

d H d H
. . 47 metal dissolution products away from the ano e. ickling an 1gg1ns 
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concluded that the limiting current for the Cu/H
3
Po

4 
and Cu/KCN systems 

is in both cases governed by the diffusion of reaction products away from 

the anode. 

In alkaline solutions,
48

- 5° Cu is first oxidized to Cu2o, then 

subsequently CuO is formed, and at high enough potentials, oxygen is 

evolved. 

The equilibrium potential for the formation of cu2o and CuO is shown 

in Table III. It would appear that Cu2o forms at less noble potentials 

than CuO. Experimental observations confirmed this expectation. 50 

+; ++ Chloride ions can shift the Cu Cu equilibrium to the right in Eq. 

(12) because the cuprous chloride complex decreases the Cu+ activity in 

solution. In 0.05-0.4N KCl, it has been suggested that the Cucl; complex 

is formed, while at increasing concentrations CuC13 predominates.5l 

Jeffery52 analyzed the copper and chloride content of a salt isolated 
-

from KCl solution and concluded that the CuC13 complex is formed. Malik 

and co-workers 53 , 54 concluded from chemical analysis, conductometric and 

potentiometric measurements that the complexes existing in HCl and KCl 

solutions were cucl; -3 and Cuc14 • 

For a system consisting of a copper anode in an aqueous chloride 

solution initially free of copper ions, anodic dissolution initially 

55-61 56 proceeds predominantly by the formation of cuprous ions. Bomberger 

studied the polarization of copper in 3% Cl- solution. The dissolution 

rate of copper in this solution closely followed the theoretical rate of 

+ Cu indicating the Cu goes into solution as monovalent ions. Weight-loss 

61 
measurements by Hurlen show that the anodic dissolution of copper in 

+ acid chloride solutions occur through the formation of Cu ions. 
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Table III. Equilibrium potential for the formation of selected copper 

Cu + Cl 

2Cu + H20 

Cu + H20 

*La.timer39 

** 8o Pourbaix 

compounds. 

E (volts) 
0 

CuCl + e +0.137 

Cu2o + 2H+ + 2e +0.471 

+ 
CuO + 2H + 2e +0.570 

Sign of the equilibrium potential has been changed to 
conform with the modern convention. 

~···. ' 

* 

** 

** 
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The low solubility of CuCl shifts the oxidation potential of Cu __,. Cu+ 

++ 
to a value less noble than Cu __,. Cu (see Table III). This accounts for 

the dissolution of copper as cuprous ions at low current densities in 

sufficiently concentrated chloride solutions. 

Cooper57-59 studied the anodic dissolution of copper in an acid 

chloride system. Using a horizontally shielded anode,57 two anodic 

current transients were observed; the first corresponding to the reaction 

of copper and chloride ions. 

Cu + Cl- __,. CuCl + e (13) 

After completion of the CuCl layer (identified by electron diffraction) 

in dilute HCl solutions the current decreased and a new reaction is pre-

sQmed to take place in the pores of the CuCl layer 

In an anode configuration where natural convection occurred in 

2N Hc1 58 two current plateaus were observed corresponding to 

(i) 

(ii) 

+ 
copper passing into solution as Cu to later form CuCl 

++ 
copper dissolving partially as Cu 

(14) 

++ 
After a CuCl layer is formed, Cu ions are produced in the pores of this 

layer. + The amount of Cu formed was estimated from weight-loss measure-

ments. ++ 
At increasing anode potentials, the Cu formation reached a 

,, 
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limiting value of approximately 30% of the total copper dissolved. An 

explanation is proposed for this experimental repult based on the relative 

+ ++ mobilities of Cu and Cu ions. 

Using schlieren optics, Cooper59 and Stephenson 
62 

observed the forma-

tion of the CuCl layer at the a.node and the entrance into solution of 

++ 
Cu and the cuprous chloride complex. The depletion of the Cl ion at 

the anode due to formation of CuCl is evident. The saturation of the 

solution near the anode surface with a cuprous chloride complex leads to 

precipitation of a CuCl layer. The steady state current wa~assumed to 

reach a value determined by the maximum rate of supply of chloride ions. 63 

64 . 
Just and Landsberg concluded from the1r results on the anodic dissolu-

tion of copper in HCl solutions, using a rotating disc, that the anodic 

behavior of this system is not determined solely by the transport-

controlled process. 

Lal and Thirsk55 attributed the concentration polarization at the 

copper anode dissolving in NaCl as due to cuprous ion complex diffusion 

away from the electrode. The anode potential exhibits a rapid increase 

at a current density where an insoluble deposit is formed. This deposit 

was shown to be CuCl by x-ray analysis. The critical current density 

for CuCl formation decreases with decreasing concentration of NaCl 

similar to that in HC1.
6

5 
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IV. ANODIC DISSOLUTION OF COPPER IN FORCED CONVECTION 

Faraday's laws of electrolysis relates the chemical change produced 

to the total amount of charge passed through the electrochemical celL 

For the anodic dissolution of a metal, this law can be expressed as 

It M =--zF (15) 

where 

tw weight of metal dissolved (gra~s) 

I current (amperes) 

t time (seconds) 

M = atomic weight of the metal (grams) 

z valence change of the metal 

F 96, 500 coulomb/ gm equivalent 

Faraday's law has been applied to calculate the weight loss of an 

anode after passing a. known amount of charge (It) and also as a. coulometer 

to determine the charge passed, knowing the weight change tw. Deviations 

from Faraday's laws are frequently found but the differences can be 

accounted for by the occurrence of more than one electrode reaction during 

electrolysis. Thus, calculations based on Faraday's law provides a con-

venient method of detecting the possible occurrence of metal dissolution 

in more than one valence states or the presence of other electrochemical 

reactions. 



-34-

Electrolysis at high current densities can result in more than one 

anodic reaction, such as anodic dissolution forming more than one 

valence state, and oxidation of the solute or solvent. It is this 

possibility of multiple anode reactions, which can occur simultaneously, 

that must be detected in ord.er to understand the overall anodic phenomena. 

The apparent valence n is defined as 

It M 
n=MF (16) 

where M is the atomic weight of the copper anode (a value of 63.54 ams. was 

used in all calculations). Going back to Eq. (l) we see that the apparent 

valence is in essence, another expression for the current efficiency. A 

calculation of the current efficiency presupposes knowledge of the 

stoichiometric reaction occurring at the anode whereas our apparent valence 

calculation is used to interpret what possible reactions are occurring. 

Experimentally, the values of I, t, and L:W can be readily measured, thus 

n can be calculated. Besides these measurements and the cell voltage 

measurements, an analysis of the reaction products would greatly help in 

relating the significance of the calculated apparent valence to the 

anodic process. With these ideas in mind, we proceeded to investigate the 

anodic dissolution of copper with the aim of understanding the overall 

anodic reactions occurring at high current densities. 
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A. Experimental Apparatus and Procedure 

High rate anodic dissolution studies present many experimental diffi-

culties, which are minimal at law current densities. Design considerations 

of practical importance have been discussed by Landolt, et al. 67 Many of 

these factors were considered in the construction of the flaw system used 

in our investigations. 

The flow system used in the forced c orrvection experiments was designed 

to operate under controlled electrolyte flow rates. A schematic diagram 

of the experimental system is shown in Fig. 3 and a pictorial view is 

shown in Fig. 4. 

The electrolyte is pumped by means of a positive displacement pump 

(Milton Roy SM Constrametric Pump of 39.4 gallons per hour capacity using 

a 1/2 hp. U.S. Varidri ve Motor) through a 1/2" stainless steel pipe into the 

experimental' section.. The pump is a controlled volume reciprocating 

double piston type. The pulsating motion imparted to the solution by the 

reciprocating acting can be damped to a constant pulsation free flow by 

placing a hydraulic accumulator (Greer Hydraulic Inc., Los Angeles, 

California) in the flow circuit. The flaw rate can be controlled by 

adjusting the by pass needle valve or by regulating the variable speed 

drive mechanism on the pump. 

The supply tank and the drain tank were made of polyethylene and 

polyvinyl chloride respectively. The tank ca:J;BCity were both about 60 

liters each. No provision wns made for de-aerating the electrolyte in 

the supply tank. 

~II 
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XBB 688-5010 

Figure 4. Experimental apparatus for forced convection studies. 
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The flow rate was measured with a rotameter (Schutte and Koerting Co., 

Safeguard Rotameter Type 18410, Cornwall Heights, Bucks County, Pa.) con-

structed of stainless steel. Interchangeable stainless steel rotors were 

used to measure a wide range of flow rates. The rotameter was calibrated 

by measuring the volume of electrolyte flowing into a graduate cylinder 

for a known period of time. 

The rectangular duct flow channel was constructed of laminated poly-

vinyl chloride (PVC) sections glued together with PVC cement. The inlet 

flow channel connected to the experimental cell is 30 em long. This 

* represents 200 hydraulic diameters which is sufficiently long to esta-

blish defined and reproducible hydrodynamic velocity profiles at the 

68 
electrode interface. 

The experimental cell is shown schematically in Figures ,5 and 6. The 

cell body (B) is made of epoxy resin with the two sections held together 

by side plates( C). The rectangular duct channel is 3 mm ·wide and l mm 

h:ig h. The cell is connected to the inlet and outlet channels by end 

flanges (G). The glass side walls (H) allow observations to be :rrade 

through the cell. The liquid junction connections to backside capillaries 

(K) were used for electrode potential measurements and sampling of solu-

tions on the downstream side of the electrodes. The copper electrodes 

(D) (purity> 99.9%) have a square section, 3 mm X3 mm, which is 

exposed to the solution interface for current passage. The upper section 

of electrodes are round so an 0-ring seal (J) can be made to prevent 

solution leaks. The electrodes can be manually advanced by a micrometer 

* Hydraulic diameter is defined as 4 X (eros s sectional area)/ (perimeter) 
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1" 

XBL 696-769 

Figure 5· Side view of experimental cell with partial cross-sectioning. 
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XBL 695-538 

Figure tJ. Side view of experimental cell in the flow direction 
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head (M) pushing on an al~inum cap (E). The spring (0) acts as an oppos-

ing force to the micrometer head motion. Because the electrodes are mov-

able during electrolysis, there is a small separation between electrode-

epoxy cell and electrode-glass side walls. This causes slight dissolution 

along the side faces of the anode which we had to content with in all experi-

ments. 0-ring seals (J) and slicone rubber rubber gaskets (Dow Corning 

Encapsulant 502 RTV, Dow Corning Corp., Midland, Michigan) placed in the 

appropriate places were sufficient to render the cell leakproof. 

All measurements of cell voltage, electrode potentials and current 

* were made on the Brush Oscillograph. This instrument could simultaneously 

record all the electrical measurements which were of interest to us. The 

cell voltage and electrical power connections to the cell were made by 

threaded connections screwed into an aluminum cap. The current was recorded 

by measuring the voltage drop across 50 mV shunts. Anode and cathode poten-

tials were measured with respect to saturated calomel reference electrodes 

(Fiber Junction Reference Electrodes, Beckman Inc., Fullerton, Ca 92634). 

Small capillaries drilled into the epoxy wall near the electrodes serve as 
_[ 

liquid connections between the reference and cell electrodes. The refer-

ence electrodes were placed in small glass containers connected to the 

capillaries by tygon tubing. 

The current source used in the majority of experiments was a constant 

current power supply (Type C618, Electronic Measurements Co. Inc., Eaton-

town, New Jersey) with a maximum output of 3 amperes. This corresponds to 

a maximum current density of 33· 3 amp/cm
2 

for an anode geometric area of 

2 
0. 09 em • For higher current density applications, a constant current 

power supply (Model KS l20•lOM, Kepco Inc., Flushing, New York) with a 

maximum output of 10 amperes was used. The initial current transient 
-)(· 

Model ll-2110-10, Series 2300 with 6 channel amplifier modules, Brush 
Instrwnent Division, Cleveland, Ohio. 
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before the steady state was reached took approximately l/2 second so the 

uncertainty in the reported apparent valence data is larger than at current 

densities below 33·3 amp/cm
2

• A relay (Type 6652D, Allied Control Co.Inc., 

2 East End Ave., New York, N.Y.) was used to switch the current from a cir

cuit of negligible impedance to the cell circuit. In this manner, the 

initial current transient before the steady state is reached, is reduced 

to about 1/2 second. A schematic of the electrical circuitry except for 

the relay is shown in Fig. 3· 

Prior to each run, the electrodes were held in a lucite holder and 

ground on 600 grit grinding paper (Buehler Ltd.). The purpose of the holder 

was to insure that the finished electrode surface was perpendicular to the 

electrode body. After grinding, the electrodes were washed with soap and 

water, dipped in a concentrated hydrochloric acid solution for a few 

seconds to remove any surface oxides, rinsed with distilled water, washed 

with reagent acetone, and then finally stored in a vacuum desiccator until 

used. 

The different electrolytic solutions were prepared by weighing an 

approximate amount of reagent grade salt and diluting to a certain volume 

in the supply tank with distilled water. The volume of solutions prepared 

was usually about 30 liters. Pycnometric measurements were made to deter-

mine the density. Water or salt was added to adjust the density of the 

solution to correspond to the desired electrolyte concentration. Physical 

property data of density-concentration relations were obtained from the 

International Critical Tables. The sulfuric acid solution was prepared 

in a similar manner as the salt solutions except that an approximate 

volume of concentrated H2so4 was added to distilled water. All solutions 

used in the flow system were in equilibrium with the atmosphere, and no 

attempt was made to degas the electrolyte of oxygen. 
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All electrode weighings were made on a Mettler (Type H6T) balance 

to an accuracy of 0.1 mg. 

The alignment of the electrodes with the cell wall was done visually 

by observing the electrode positioning through a microscope tube containing 

* . an objective placed 6 em away from the cell. The electrode movement was 

controlled by adjusting the micrometer head. 

During electrolysis, the anode was advanced by manually adjusting the 

micrometer head to maintain a constant gap width of l mm. 

A typical weight of copper dissolved was approximately 25 mg. This 

represents a depth of dissolution of approximately 0. 30 mm, assmning the 

anode was uniformly dissolved over the exposed surface. 

The procedure for the apparent valence determination is as follows: 

l) prepare the electrode for electrolysis 

2) weigh anode 

3) place anode in cell 

4) adjust flow rate and set power supply to desired current 

5) turn on the recorder; switch on the constant current power supply 

6) observe electrolysis and continuously advance anode to maintain 

constant gap width 

7) switch off the power supply and then the recorder 

8) remove anode from cell 

9) wash anode with distilled water, removing any precipitate that 

may still be on the electrode, then rinse with reagent acetone 

and dry 

10) weigh anode 

ll) take photomicrograph of anode surface. 

* Bausch and Lomb, 2X, NA = 0.08 
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B. Experimental Results 

Using the flow system described above, we proceeded to conduct 

experiments to enable us to derive an understanding of the anodic 

phenomena occurring at high current densities. Since the anodic behavior 

of copper is strongly dependent on the electrolyte, similar to many metal/ 

electrolyte systems used in ECM, we investigated this effect using a few 

of the common ECM electrolytes. The electrolyte flow rate and current 

density are two parameters which are important considerations in influenc-

ing the mass transfer of the rate determining species and the anodic 

dissolution process. These two parameters were varied to investigate 

their influence on the anodic behavior of copper. 

Table rv briefly outlines the experimental parameters and the con-

ditions subject to investigation. The flow rates chosen are not as high 

as employed in ECM. Correspondingly, the current densities investigated 

represent the lower range of ordinary ECM operating values. In conjunc-

tion with the electrical measurements and apparent valence determinations, 

x-ray analysis and pH ,measurement techniques were applied to substantiate 

the interpretations of the observed anodic phenomena. 

The flow rates chosen correspond to electrolyte linear velocities for 

laminar (flow rates of 30 em/sec and 50 em/sec) and turbulent (flow rates 

of 200 em/sec and higher) flow conditions. * The Reynolds number (Re) cor-

responding to the various flow rates is shown in Table rv. 

* Re = --v 
where u is the linear flow rate, d is the hydraulic diameter 

e 

and v is the kinematic viscosity. 
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Table IV •. Experinental conditions investigated in flow celL 

Electrolyte Flow rate Reynolds Current density 

(em/ sec) * number range 

2 
(amp/em ) 

2N KN0
3 

30 510 1.8-32.8 

200 3390 4.5-67 

627 lo600 J.0-81 

""2N KNOJ 30 2.2-32.8 

+ 0.3 M HN0
3

, pH l 200 5· 9-53 

lN K2so4 50 730 1.1-19.6 

200 2920. 2.9-33-l 

686 10000 5-6-69 

lN H2so
4 50 770 2.3-33-2 

200 3090 3-4-33-3 

686 10600 5-6-44 

2N KCl 50 820 O.l-28.4 

200 3270 0.7-33·3 

606 10000 l.l-71 

* Current divided by geometric anode area. 
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l. Electrical Measurements 

a. Cell voltage 

The time dependence of the cell voltage at constant current densities 

and flow rates show a behavior typical of anodic passivating systems. 

Figures 7, 8, and 9 are examples of the traces of oscillograph recordings 

obtained during the anodic dissolution of copper in 2N KN0
3
, 1 N K2so4, 

and 2N KCl, respectively. The cell voltage is shown as the ordinate, 

and the time of electrolysis is represented as the abscissa. These are 

typical voltage transients observed when copper is anodically dissolved 

in the various electrolytes listed in Table IV. 

At low current densities in the active dissolution state in Figs. 7 

and 8 the cell voltage increases rapidly to its steady state value when 

the current is switched on, and remains at this value throughout the 

course of the electrolysis period. At higher current densities where 

* dissolution in the transpassi ve state occurs, the cell voltage shows an 

initial step value which later increases to a second value. The cell 

voltage undergoes random fluctuations in the transpassive state. The 

initial step value in cell voltage was found to decrease in time duration 

("r) with increasing 

these measurements, 

current densities (i) and decreasing flow rates. For 

. l/2 
1 "r ::::::constant, which suggests an unsteady state 

diffusion control of transport of products or reactants. The onset of 

anodic passivation is believed responsible for the voltage transient to 

the higher steady state value. These findings are in agreement with those 

67 reported by Landolt for the anodic dissolution of copper at mugh higher 

* If current density is constant, disso;ution in the transpassive state 
occurs after the anode potential jump. 9 
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current densities and flow rates than were used in our experiments. 

The presence of a precipitate on the anode was observed when copper was 

dissolved at current densities in the transpassive state. The use of 

stop motion photography showed precipitate thickness to be approximately 

100 microns during transpassive dissolution in 2N KN0
3 

at 30 em/sec flow 

rate. 

The cell voltage-time transient in 2N KCl (Fig. 9), during change 

from the active to the transpassive dissolution mode, does not show a clear-

cut voltage increase as in nitrate or sulfate. Observations made through 

the glass side wall of the electrolysis cell during anodic dissolution 

showed no signs of solid material at the anode but the large anode 

potential measurement may be the result of a thin porous surface layer 

causing an IR-drop. 

The occurrence of a peak cell voltage which later decreased to the 

steady state value during transpassive dissolution was observed at the 

higher current densities shown in Figs. 7, 8, and 9· Transient phenomena 

of this nature were not investigated. 

b. Electrode potentials 

The electrode potential was measured with respect to a saturated 

calomel electrode during the electrolysis experiments in the flow cell. 

The large ohmic contribution in these measurements do not allow us to 

attach much significance to the absolute value but from the large changes 

in anode potentials, certain deductions are possible. 

Figures 10 and ll are results of electrode potential measurements in 

2N KCl and in lN K2so4, respectively. The data plotted show the steady 

state values of anode and cathode potentials. The anode potential and 
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cell voltage transients behave in a similar manner which indicates the 

large changes in cell voltage behavior are predominantly due to anodic 

phenomena. Analogous behavior was reported earlier by Landolt, et a1. 67 

The step increase of anode potential, which can be related to the 

anodic passivation phenomena, occurs at increasing current densities 

with increasing flow rates. The voltage jump at comparable flow rates 

was the largest in the sulfate solution and the smallest in nitrate 

solutions. At 200 em/sec, the voltage jump in nitrate was ~8 volts, 

chloride was ~10 volts and sulfate was ~20-24 volts. The cathode potential 

does not undergo any drastic change with current density but appears to 

vary linearly and increases more rapidly at lower flow rates. At a given 

current density, the hold up volume of cathodically generated hydrogen 

gas is higher at lower flow rates. This lead to an increased ohmic con-

tribution which is probably reflected in our measurements. 

The anodic potentials reported here are considerably higher than 

those previously mentioned in the section dealing with electrochemical 

machining. Although the anode potential measurements obtained so far 

can only be related to gross effects, the measurements indicate the 

presence of a porous surface layer which may cause the large IR-drop. 

Ill 
.f 
I 
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2. X-ray Analysis of Preci~tate 

Two methods of analysis using X-ray diffraction techniques were applied 

to identify solid reaction products formed during the anodic dissolution 

of copper. In the first method, analyses were made using a 114.6 mm 

Debye-Scherrer powder camera mounted on an X-ray diffraction unit 

(Norelco X-ray Diffraction Unit, North American Philips Co., Inc., 

New York, N. Y.). Ni filtered Cu radiation at 40 KV and 20 ma was used. 

Later, an X-ray diffractometer (Picker X-ray Corporation, Waite Manu

facturing Division, Inc., Cleveland, Ohio, 44112), using a Ni filtered 

Cu radiation 4o KV and 14 ma, was found to be more convenient. 

The advantage of the powder camera technique is that the amount of 

solid ms.terial for analysis can be very small. To obtain a sample of 

the anodic reaction product fran the flow cell, the anode had to be 

quickly removed after electrolysis and the solid removed from the elec

trode surface. The glass fiber, which was the sample holder in this 

technique, was rubbed back an~ forth through any solid material adhering 

to the anode surface. This was found to be a very inefficient means of\ 

collecting the necessa~y amount of sample for analysis. In some cases, 

the developed film showed diffraction patterns which were difficult 

to analyze because of the faintness of the diffraction lines. With such 

a small sample, exposure time to the X-ray beam varied from 6-12 hours. 

A continuous sampling technique was tried next in view of the poor 

results obtained by the other method. Sampling of the anodic reaction 

products from the flaw cell was done in the following manner. The 

capillary hole (0.014 inch diameter) immediately on the downstream side 

of the anode was left open to the atmosphere. With electrolyte flowing·, 

part of the solution would escape through the capillary. ~uring electro

lysis with the anode facing upward, the solution was collected in a 



Table v. X-ra:y analysis 

Electrolyte 

2N KN0
3 

"' 2N KN0
3
,pHl 

lN ISS04 

lN H2so4 

2N KCl 

Iii 
I 

I 
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of anode solid reaction products. 

Compound Identified 

cu2o, Cu 

Cu 

cu2o, Cu 

Cu 

None 

.. 

' 
\ 
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crucible (Gooch Type, Low Form with Fritted Disc, 30 ml capacity) in 

which a Whatman No. 41 filter paper was placed. The crucible was set 

upon a filtering flask connected to a vacuum system. A slight vacm.un 

was applied during the collecting procedure to pull the solution through 

the filter paper. After electrolysis, the crucible was put into a desic-

cater and the filter paper and precipitate was dried under a vacuum. The 

dried filter paper with the adhering precipitate was held onto the flat 

lucite sample holder using double-sided adhesive tape (Permacel, New 

Brunswick, N. J.) and placed into the diffractometer. Preliminary inves-

tigations showed that the use of Permacel brand adhesive resulted in less 

extraneous diffraction peaks than with Scotch Brand tape (Minnesota Mining 

and Manufacturing, Minneapolis, Minn. ) . The x-ray diffraction pattern 

of the blank (lucite holder, adhesive and filter paper) is shown in Fig. 

12. This x-ray pattern of the blank showed strong diffraction peaks at 

low 2 e values but did not superimpose with the diffraction peaks of the 

different possible compounds present in the anode precipitate. 

For each electrolyte used in the apparent valence measurements, x-ray 

diffraction analyses were performed. A wide range of current densities 

were chosen for a given flow rate to analyze the anode reaction products. 

With the exception of 2N KCl, a solid reaction product was collected at 

current densities corresponding to anodic dissolution in the transpassi ve 

(high voltage) state, but no solid was visible on the filter paper at 

current densities in the active (low voltage) region. Table V is a summary 

of the x-ray analysis results. 

Ill 

! 
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The diffraction peaks of KN0
3 

and K2so4 were also observed in the 

diffraction patterns but are not listed in Table v. After analysis of 

the precipitate, the filter paper was washed, dried and analyzed again. 

The second analysis showed no diffraction peaks corresponding to the 

electrolyte salt. Figure 13 is an example of the anode precipitate 

diffraction pattern for copper dissolving in 2N KN0
3 

at ll.l amp/cm
2

, 

with a flow rate of 200 em/sec. Also shown in this figure are three 

known samples prepared by filtering water solutions of Cu2o, Cu2o and 

KNo
3

, and KN0
3 

through a filter paper, then drying. There is a one-to 

one correspondence between the peaks in the anode precipitate and the 

known mixture of Cu2o and KN0
3

. In some analyses in KN0
3 

solutions, the 

diffraction peaks for copper were present as a minor constituent. Figure 

14 is the diffraction pattern of the anode precipitate collected from 

copper dissolving in lN ~so4 at ll.l amp/cm
2 

and 50 em/sec flow rate. 

In this example, the filter paper was washed with distilled water so 

no ~so4 diffraction peaks are present. Comparison with known samples 

of Cu and Cu2o confirm the presence of these two compounds. 

In the anode precipitate collected from electrolysis in 2N KN0
3 

and 

lN K2so4, Cu2o was the primary copper compound identified. Diffraction 

peaks for copper powder were present in some of the experiments, with 

Fig. 14 being the best example. In the acidified 2N KN0
3 

and in the 

lN H2so4, the pH is too low for cu2o to be stable. Any cu2o produced 

at the anode is dissolved in the dilute acid medium with the reaction 

+ Cu20 + 2H ----'---,> (17) 

forming copper powder.71 
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The copper powder may be the result of the disproportionation 

rea~tion of cuprous ions and/or the removal of solid particles of copper 

from the anode. Higher dissolution rates at grain boundaries compared 

to the crystal faces may undermine individual copper grains and cause 

the dislodging of copper particles. From our results it cannot be 

unequivocally determined whether one or both mechanisms is responsible 

for the presence of copper powder. 

In 2N KN0
3 

and lN K2so4, the x-ray diffraction patterns show that, 

in general, the amount of copper powder collected is very small compared 

to the amount of cu2o. A quantitative estimate of the amounts of cu2o 

and Cu powder detected by x-ray analysis is possible but requires careful 

control of particle size, randomness of orientation, and sample thickness .86 

The minimum amount of Cu powder readily detected in a mixture of Cu2o/cu 

. b % 138 lS a out 5 v. Since in most cases in,2N KN0
3 

and lN K2so4, the diffrac.,.. 

tion pattern for copper is very weak or non-existent, the formation- of 

copper powder by disproportionation of cuprous ions and/or the removal of 

copper particles is very small. 

Copper powder was not detected by x-ray analysis in the 2N KCl experi-

ments. The presence of chloride ions could inhibit the disproportionation 

reaction by reducing the cuprous ion concentration through complex ion 

formation. The absence of copper powder may be one indication that grain 

boundary dissolution does not occur or is below the detection limit of 

the analysis technique, at these current densities. 

A study to determine if grain boundary dissolution is predominant 

over the di_sproportionation reaction could be conducted using copper 
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single crystals. With single crystals, no grain boundaries are present 

and therefore only the disproportionation reaction would be expected to 

occur. Comparison of the amount of copper obtained with single crystals 

and polycrystalline copper would be an indication of the extent of grain 

boundary dissolution. This assumes that the dissolution of copper to 

form cuprous ions is not affected by the crystal structure. The 

influence of grain size on the amount of copper powder formation could 

also be detected by annealing copper specimens to obtain different grain 

sizes and then measuring the amount of copper powder formed. 

Attempts to collect any solid reaction products resulting from copper 

dissolution in 2N KCl were unsuccessful. Only a diffraction pattern cor-

re spending to KCl could be identified. Using this sampling technique, it 

would be very difficult to find any precipitate such as cuprous chloride 

because of its high solubility in KCl and also its rapid oxidation in 

aerated solutions. Cu2o was an anode reaction product which we had hoped 

to identify under conditions of high current densities in the transpassive 

dissolution state. Cu2o was identified as a reaction product when copper 

is anodically dissolved in aqueous NaCl solutions at low r::urrent 

densities. 72- 75 * Under free convection, the size of Cu2o particles 

produced electrolytically in a chloride solution is strongly dependent on 

current density and temperature; increasing current density and dec rea s

ing temperature decreases the size of cu20 particles formed. 75, 76 Cu2o 

is peptized by strong chloride sol~tions;78 this and the use of high current 

densities may account for the absence of any cu2o particles on the filter 

* 75 Miller measured particle sizes of 1-7 microns for temperatures ranging 
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paper used in our sampling technique. I\res and Rawson79 showed that the 

cu2o dissolution rate in chloride solutions was increased whereas in 

nitrate and sulfate solutions the rate was not affected. The increased 

cuprous oxide dissolution rate was attributed to the peptizing action 

of chloride ions. 

3· pH Measurements 

The pH of a solution is an important parameter in determining the 

8o 
stability of oxide films. Pourbaix has discussed in terms of thermo-

dynamics concepts the influence of pH and electrode potential on the 

stability of metal oxides. 

The continuous sampling technique using the downstream capillaries 

in the flow cell is a convenient means of collecting solutions for pH 

determinations. The solutions obtained in this manner can then be 

measured with a pH meter. A capillary hole embedded into a copper 

81 
cathode has been used by Read and Graham to sample continuously the 

solution immediately adjacent to the electrode in an acid copper plating 

bath. Chemical analysis of the acid and copper content in the electrolyte 

film near the cathode showed an increase in hydrogen ion concentration 

and a decrease in copper ion concentration. 

Table VI summarizes the pH measurements for electrolysis in salt 

solutions of 2N KN0
3
, lN K2so4 and 2N KCl. The anode pH reading and 

cathode pH reading refer to the pH measurements of samples collected from 

the capillaries on the anode and cathode side, respectively. Two other 

solutions used in our experiments on copper dissolution, acidified 
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2N KN0
3 

(pHl) and lN H2so4 are not included since they respond like 

buffered solutions due to their acidity and therefore show very little 

pH changes. 

The pH at the cathode increased as would be expected if the cathode 

reaction is the generation of hydrogen gas according to the equation 

(18) 

In general, the hydrolysis reaction of cupric ions 

++ + + Cu + H20 --> CuOH + H (19) 

tends to make aqueous solutions of copper slightly acidic.
82 

The hydrol-

82 ' -6 
ysis constant is l x 10 . At current densities where active dissolution 

of copper in 2N KN0
3 

and l N K2so4 form cupric ions, the measured pH shows 

a slight decrease due to the above reaction. The anode pH values in these 

two salt solutions at the highest flow rates reported in Table VI show a 

slight increase which may be caused by cross mixing with hydroxyl ions 

from the cathode region. 

In chloride solutions, copper dissolves as the univalent ion if the 

current density is low enough to prevent the formation of a CuCl layer on 

+ 
the anode. This corresponds to active dissolution where the Cu ions are 

effectively complexed by the Cl ions to form a cuprous-chloro complex. 

Our measurements at low current densities in 2N KCl at flow rates of 50 

em/sec and 200 em/sec indicate a slight increasee in pH from the bulk pH 

velue. A pH increase can arise if cross mixing with hydroxyl ions from 
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the cathode reaction occurs. The hydrolysis of the cuprous chloride 

complex would lead to a pH decrease rather than an increase as measured. 

At current densities in the transpassive region, the pH at the anode 

shows a marked decrease (except in the one case in lN JSS04 at 686 em/ 

2 
sec and 22.2 A/em where little change was measured). The formation of 

Cu
2

o results in the production of H+ ions by the following reaction 

(20) 

In general, anodic dissolution in an unbuffered nearly neutral solu-

tion which leads to the production of a passivating surface layer is 

accompanied by a decrease in anolyte pH. 
8

3 The growth of cu2o films 

on the Cu single crystals in cuso
4 

solutions resulted in a pH decrease 

84 
from 3.8 to 3.2 according to experiments reported by Miller and La'..;rless. 

When the pH was less than 3, only etching of the copper surface was 

84 85 
observed. More recent studies by Miller on Cu

2
o growth in Cu(OAc)2 

show that the presence of an acetate buffer prevents any noticeable pH 

change near the oxide surface. Our results in 2N KN0
3 

and lN K2so4, 

where Cu2o has been identified by x-ray analysis, are in agreement with 

the above reaction, leading to a pH decrease near the anode. The slight 

increase in acidity near the anode where cu2o forms was detected by White 73 

using litmus paper. Also possible is the evolution of oxygen at current 

densities in the passive state by the reaction 

+ 2H20 -> 02 + 4H + 4e (21) 

'rhis reaction would decrease the pH near the anode, if it occurred. 
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Table VI. pH Mea. surement s. 

Electrolyte Flow Current Anode pH Cathode pH 
velocity 
(em/sec) 

density 
(amp/cm2 ) 

reading reading 

L 2N KN0
3

(5.l)+ 30, 2.4 * 4.3 

II ll.l 2.9 

II 22.2 3·0 

* 4.5 200 5·6 

II ll.l 3·3 

627 22.2 * 5·3 12.2 

+ * 2. lN K2so4 (5.8) 50 l.l 5·1 
\· 

II 
'\ 

ll.l 3.4 

200 2.4 * 5·2 

II ll.l 4.3 

686 * 5·6 5·9 11.9 

II 22.2 5·9 12.3 

2N KC1(5.6 t * 6.1 3· 50 0.1 

II ll.l 4.0 

200 0.6 * 6.1 11.0 

II ll.l 4.3 

II 22.2 4.3 11.6 

* Current densities corresponding to the active dissolution region. 

+ 
pH value of solution before electrolysis. 
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In a 3% NaCl solution, the pH near the Cu anode was observed to 

decrease from 5·5 to 4.6 under conditions where a surface film is formed.72 

This pH change can arise when Cu2o is formed by the above reaction. The 

presence of Cu2o was verified by electron diffraction ana.lysis. 72 
pH 

measurements for this Cu/2N KCl system in the transpassi ve region presented 

in Table VI show a pH decrease from the initial value. Qua.litatively, our 

results agree with Sugawara 's, 72 but we have no x-ray evidence for the 

presence of Cu2o. Our apparent valence measurements indicate that trans-

passive dissolution of copper in 2N KCl proceeds by the formation of 

cuprous and cupric ions. The pH decrease which we observed in the trans-

passive region may be the result of cupric ion hydrolysis as well as the 

formation of Cu2o. 

4. Apparent valence measurements. 

The apparent. valence measurements were conducted on the anodic 

dissolution of copper in the electrolytes and .under the experimental 

conditions listed on Table IV. A stop watch was used to measure electroly-

sis times greater than 100 seconds. For shorter durations, the time was 

read directly from the oscillograph recording. An accurate-time scale is 

produced on the oscillograph photosensitive record paper by a Time Line 

Generator operated by a synchronous motor. Apparent valence measurements, 

using the above procedure and apparatus had an accuracy of 5% or better. 

(Error in weight measurement is 1-2%, in charge measurement, 2-3%.) On 

each of the following figures, the apparent valence and the steady state 

cell voltage both as a function of current density are shown, allowing 

the examination of the relationship between anodic behavior and cell 

voltage changes. 
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(a) Nitrate solution 

(i) 2N KN0
3 

The apparent valence measurements in 2N KN0
3 

at 30 em/sec, 200 em/ 

sec, and 627 em/sec are illustrated in Figs. 15, 16, and 17, respectively. 

Three apparent valence measurements at a flow rate of 30 em/sec were 

made in the anode over cathode arrangement. These results show good 

agreement with the cathode over anode arrangement, and consequently it 

was decided to conduct all experiments with the anode on the bottom. 

In all three cases, the steady state cell voltage exhibits a step 

increase in value which occurs at higher current density with increasing 

flow rate. Coincidentally with the cell voltage jQmp, the apparent 

valence decreases and approaches a. limiting value. At low current 

densities, copper anodically dissolves as cupric ions. This corresponds 

to an active dissolution state. As the current density is increased, 

anodic passivation occurs with the resultant cell voltage jump. When 

anodic passivation takes place, copper dissolves in the transpassi ve 

state with an apparent valence less than two. A lower apparent valence 

than two is possible if copper dissolves partially in the univalent state. 

X-ray analysis results mentioned earlier confirm this to be the case. 

cu2o was detected in samples of anolyte collected downstream from the 

anode during transpassive dissolution. 

In the following figures, the plotted apparent valence results with 

greater uncertainty are indicated by vertical bars. These measurements 

were made using a power supply with an initial starting transient 

mentioned previously. Since we are not so concerned with the absolute 
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value of the apparent valence measurements, but rather interpretations 

based on gross changes, the increased uncertainty does not detract from 

the usefulness of the results. 

(ii) ~ 2N KN0
3 

+ 0.3 M HN0
3

, pH l 

The influence of a small change in hydrogen ion concentration on 

the anodic dissolution of copper was investigated. The Cu2o solid formed 

in the transpassive state is unstable and dissolves if the pH is suffi-

ciently low, such as at pH l. To a 2N KN0
3 

solution, concentrated nitric 

acid was added until the pH was adjusted to one. Under this condition of 

low pH, the measurements of apparent valence were made to compare with 

the near neutral 2N KN0
3 

case. 

The apparent valence results are shown in Figs. 18 and 19 for flow 

rates of 30 em/sec and 200 em/sec, respectively. The superimposed solid 

line corresponds to the line drawn through the data points for copper 

dissolving in 2 N KN0
3 

at the same flow rate. It would appear that a 

change in bulk pH from near neutral conditions to pH l does not affect 

the potentials measured or the apparent valence. The decrease in 

apparent valence from the value of two may be explained in terms of 

partial anodic dissolution in the univalent state similar to the case 

Ill 
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Figure 15. Variation of apparent valence and cell voltage with current 
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sec flow rate •. 
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X-ray ana.lysis of the anolyte sample collected downstream from the 

anode showed only the presence of copper powder. As mentioned previously 

in Section IV-2., the copper powder could originate from the disproportiona-

tion of cuprous ions or the removal of copper particles by an undermining 

process. If the undermining process and sub sequent removal of copper 

particles is not strongly dependent on pH, the amount of grain boundary 

dissolution in acidified 2N KN0
3 

would also be small, since very little 

copper was detected in 2N KN0
3

• In this case, the apparent valence 

decrease after passive dissolution can be attributed to the simultaneous 

formation of cuprous and cupric ions. At high current densities, Cu2o 

could form at the anode then subsequently separate and dissolve in the 

acid medium to form copper powder by the reaction 

+ ++ 
Cu20 + 2H ---> Cu + Cu + H20 (17) 

(b) Sulfate solution 

The anodic behavior of copper in K2so4 is known to be similar to its 

behavior in KN0
3

. This is substantiated by the apparent valence results 

in Figs. 20, 21, and 22 for the Cu/lN K
2
so4 system at 50 em/sec, 200 em/ 

sec, and 686 em/sec, respectively. Qualitatively these results are 

analogous to the nitrate solutions results. The cell voltage shows a 

large step increase at a current density, the value of which increases 

with flow rate. Corresponding to the voltage jump, the apparent valence 

decreases from its active dissolution value of two to a limiting value 

hear 1.60. 
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density during the anodic dissolution of copper in ~2N KNo

3
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30 em/ sec flmv rate. Solid line corresponds to the line drawn 
through the data points in Fig. 15. 
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Figure 19. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in ~ 2N KN03, pHl at 
200 em/ sec flOh' rate. Solid line corresponds to the line drawn 
through the data points in Fig. 16. 
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At 200 em/sec flow rate the step increase in cell voltage occurs 

at a lower current density in lN K
2
so

4 
(Fig. 21) than in 2N KN0

3 
(Fig. 16). 

This is qualitatively consistent with the hypothesis that the formation 

of a porous salt layer is responsible for the cell voltage step change, 

since the solubility of Cuso4 is smaller than Cu(N0)2; 

I 106 
of Cuso4 in water is 1.41 moles l and for Cu(No

3
)
2

, 

the solubility 

I 106 7.0 moles l. 

The x-ray analysis of anode precipitate collected downstream from 

the anode showed the presence of Cu2o and Cu powder. In general, the 

diffraction pattern obtained indicates that very little copper is present 

compared to Cu2o. The Cu powder could be the product of cuprous ion 

disproportionation and/or a result of grain boundary dissolution remov-

ing small particles of copper. Either of the two mechanisms would tend 

to decrease the apparent valence if they occurred. The formation of a 

comparatively large amount of cu2o suggests that this mechanism, producing 

univalent copper' is the major reaction responsible for the decrease in 

apparent valence. Foerster and Seide187 also observed that at higher 

current densities Cu2o was a reaction product formed at a copper anode 

in Cuso4 • 

(ii) lN H
2

so4 

Sulfuric acid is generally used in the ECM application for drilling 

88 + 
extremely deep holes. It has been observed that the high H ion con-

centration prevents the precipitation of metal hydroxides which interfere 

with the machining process. 
88 

The anodic passiva.tion of copper in H2so4 
44 

has been studied by Muller and Halleck, who observed by optical means, 

the presence of copper sulfate on the anode surface. 
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density during the anodic dissolution of copper in lN K2S04 at 50 
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Figure 21. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in lN K2S04 at 200 
em/sec flow rate. 
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Figure 22. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in lN ~so4 at 686 
em/sec flow rate. 
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The cell voltage and apparent valence plotted as a function of 

current density at three different flow rates is shown in Figs. 23, 24, 

and 25. The general shape of the cell voltage-current density curve is 

the same as in the nitrate and lN K
2
so

4 
solutions. The onset of anodic 

passivation in lN H
2
so

4 
is dependent on the current density and the flow 

rate. 

The apparent valence results are similar to those reported for 

2N KN0
3 

and lN K
2
so

4
., At low current densities in active dissolution 

the apparent valence is two whereas at higher current densities correspond-

ing to transpassi ve dissolution the apparent valence decreases to a limit-

ing value near 1.60. X-ray analysis of the anode precipitate collected 

downstream from the anode showed only a diffraction pattern for copper. 

Here again, the copper powder could originate by two mechanisms, the dis-

proportionation of cuprous ions and the undermining of small copper 

particles by grain boundary dissolution. The small amount of copper 

present in lN K
2
so

4 
suggests that very little grain boundary dissolution 

occurs to remove copper particles. At these high current densities dur-

ing transpassi ve dissolution, Cu
2
o could be formed at the anode and later 

dissolve in the acid medium to form copper powder by the disproportionation 

reaction, 

+ ++ + 2H ----> Cu + Cu + H
2

0 (17) 

The decrease in apparent valence during transpassive dissolution is 

attr:i.buted to the simultaneous information of univalent and divalent 

copper ions. 
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Figure 23. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in lN H2S04 at 50 
em/sec flow rate. 
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(c) Chloride Solution 

(i ) 2N KCl 

The results of the cell voltage and apparent valence data as a 

function of current density are shown in Figs. 26, 27, and 28 for the 

three flow rates 50 em/sec, 200 em/sec, and 686 em/sec, respectively. 

The cell voltage-current density curves have the same general appearance 

as those previously described, whereas the apparent valence curves are 

quite different from the preceding ones. 

In the current density region between the active and transpassi ve 

dissolution modes, the cell voltage undergoes periodic oscillations Hith 

the passage of time. This phenomenon was not observed in the nitrate 

or sulfate experiments. This region is shown graphically as vertical 

dashed lines on the cell voltage-current density curve. Periodic oscil

lations in the copper/chloride system have been reported, 55,5
8 

but no 

agreement in proposed mechanisms has been reached. Although the possible 

cause of these voltage oscillations Here not investigated in the frame-

work of this study, it is likely that they may have been due to periodic 

cracking or flaking off of the anodic products. The change from the 

active to passive mode occurred at a well-defined current density for 

each flow rate in nitrate and sulfate, whereas in chloride the change 

occurred over a range of current dnesities. 

The current density at which the cell voltage jQmp occurred Has 

loHer in 2N KCl than in 2N KN0
3 

or in K;::iso4 at the same flow rate. 

fact lends further support to a mechanism involving the formation of 

solid anode products resulting in a cell voltage jump, since 

This 



CuCl (solubility 1.0 moles/liter53 in 2N KCl, 6.3 x 10-
4 

moles/liter139 

in water) is less soluble than Cuso4 or Cu(No
3

)2 • 

At lm.,r current densities below the onset of anodic passivation the 

apparent valence is one. As the current density increases the apparent 

valence increases to a maximum and then slowly decreases. The current 

density, corresponding to the maximu~ in apparent valence, increases 

with increasing flow rate. The general shape of the apparent valence 

curve is similar to those obtained in 3N KCl to be discussed later. 

No anode precipitate could be collected for x-ray analysis but 

other researchers 55 , 57 have detected the presence of a sparingly soluble 

CuCl layer on the anode when anodic passivation occurred. Anode weight-

58 . loss measurements made by Cooper shm1ed that copper dissolved partially 

in the cupric state after the formation of a CuCl layer; this agrees with 

our results. 
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Figure 26. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in 2N KCl at 50 em/sec 
flow rate. 
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Figure 27. Var:i,ation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in 2N KCl at 200 
em/ sec flmr rate. 
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Figure 28. Variation of apparent valence and cell voltage with current 
density during the anodic dissolution of copper in 2N KCl at 606 
em/sec flow rate. 
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V. ANODIC DISSOLUTION OF COPPER IN FREE CO~NECTION 

A. Motion Picture Observations 

In order to understand the relationship between the voltage increases 

in the cell and the anodic processes, a motion picture study of the free 

convection anodic dissolution of copper in different electrolytes was 

undertaken. Although the relevance of these results and observations 

to floH systems where the current densities are an order of magnitude 

or more larger is not immediately clear, it was felt that this qualita

tive study can help in understanding certain aspects of the anodic 

behavior of copper. 

1. F~erimental Apparatus 

A schematic diagram of the experimental arrangement is shown in Fig. 

29. The two microscope intensity lights (model 651, American Optical Co., 

Buffalo, N. Y.) were focused on a common spot at about 12 em distance. 

The light sources were both in the same horizontal plane above the camera 

at a 30 deg. angle to the object-lens plane. The light sources them

selves were at approximately 30 deg. angle to each other. 

The cell used in the motion picture study was made of rectangular 

lucite sections glued to 2 parallel plates of glass, 3 mrn thick, through 

which the observations could be made. The inside dimensions of the cell 

are 10 em length, 9 em depth and 3·5 em width. The glass plates were of 

dimensions 9 :X 10 em. A porous ceramic partition of 0.7 em thickness was 

·used to separate the 9.node and cathode compartments. Its purpose was to 

prevent the gas produced at the cathode from causing any unnecessary 

motion of the electrolyte near the anode and to dec.:rease the mixing of 

hydroxyl ions from the cathode compartment with the anolyte. 
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The cathode consisted of a platinQm wire, 20 mil diameter, wound in 

a spiral with an area 10 times that of the anode. 

The anode was made from a l/4 in. diameter copper rod bent at 90 

deg. near one end. The rod was enclosed by a larger diameter tygon 

tubing. The space between the copper rod and the tubing was filled with 

Koldmount self-curing resin (Vernon-Benshoff Co., 413 No. Pearl St., 

Albany 1, N. Y. ). The end of the shorter bent portion was polished and 

served as the anode. 
2 

The geometric area of the anode was 0.318 em • 

Anode surfaces were polished with #OOOO emery paper and then with one 

micron diamond. The exposed surface was positioned vertically at one 

centimeter distance from the glass wall and two centimeter from the 

cell bottom. 

A schematic diagram of the electrical circuit is shown in Fig. 30. 

The Brush Oscillograph was used to record the cell voltage and current. 

A double pole-double throw relay switch was connected to a ba~tery 

operated flash bulk holder and the constant current power supply so 

that both could be switched on simultaneously. The purpose of this 

arrangement was to use the flash from the flash bulk as a marker on 

the motion picture film to indicate when electrolysis was started. At 

least one frame on the 16 mm film was overexposed and was used as the 

reference point, time equal to zero. The current densities were chosen 

to allow a reasonable time span for the observations of the active 

dissolution mode. 

A 16 mm camera (Hl6 Rex camera, B.olex Paillard, Switzerland) with 

75 mm focal length lens and 65 mm extension tubes were used for recording 
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the observations. The anodic dissolution phenomena were photographed 

on color film (Kodak Ektachrome ER Type B, 125 ASA). 

By knowing the frame rate and using the cell voltage-time relation-

ship recorded on the oscillograph, the observations of the anodic dis-

solution reaction and the corresponding cell voltage can be related. 

From preliminary exposure tests, the optimum shutter opening was 

found to be f4 at a frame rate of 50 frames/sec. 

2. Results 

The copper/electrolyte systems studied were the same as those used 

in the forced convection experiments. The observed behavior of the 

anode during dissolution can be described in terms of the chan§e with 

time of the cell voltage and the electrode surface. 

(a) Nitrate solutions 

Figure 31 shows the observed results in nitrate solutions. The 

cell voltage exhibits a large step increase which can be related to the 

observed anodic behavior. Initially the anode surface appears dark 

because of the oblique lighting. When electrolysis is started a bright 

region appears at the circumference of the anode and rapidly grows inwards 

* until the complete surface appears bright. Then another layer starts to 

appear and grow inwards towards the center of the anode. When the 

surface is approximately 2/3 covered by this orangish-green layer, the 

* Due to the positioning of the anode, the current distribution is non-
uniform over the surface. Initially the current density is the highest 
at the periphery where ~ge surface layer first starts to form. (See 
Bartlett and Stephenson for a discussion of this problem.) 
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cell voltage starts to increase very rapidly. After the layer has 

completely covered the electrode, the voltage remains nearly constant. 

It is during the transpassive state that a small amount of gas evolution 

is observed at the periphery of the anode. Gas bubbles are clearly 

visible in the last two photographs (at times greater than eight 

seconds) in Fig. 31. However, it is estimated that less than 1% of the 

current is used for oxygen evolution. 

The cell voltage-time curve at a constant current density of 3.14_ 

2 
amp/em showed a similar voltage step increase in 2N KN0

3
, which was 

adjusted to pHl by the addition of a small amount of concentrated HN0
3

. 

Both the time required for the surface layer to cover completely the 

anode, and the observed change occurring on the anode surface was the 

same in neutral and acidified solution. 

b. Sulfate Solution 

2 
Figure 32 shows the observed behavior in lN K

2
so

4 
at l. 3 amp/em . 

When the current is switched on, a bright region forms at the periphery 

and grows inwards until the surface is completely bright. Then a second 

bright region appears at the periphery after one second and complete-ly 

covers the anode before the cell voltage increase. During the brief time 

span required for the cell voltage .to change from the value corresponding 

to the dissolution in the active state to the steady state value of the 

transpassive state, a brown layer starts to grow from the center of the 

anode. The photograph at three seconds shows the dark brown precipitate 

that forms in the transpassive state. The formation of the surface 

layer resulting in a cell voltage increase of about 30 volts is not as 
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distinctly noticeable as in the nitrate solution. In the transpassive 

state gas bubbles are clearly visible at the periphery of the anode. 

Eventually gas evolution occurs randomly over the entire surface and 

the gas bubbles move through the surface layer. It is estimated that 

about l% of the current is used for oxygen evolution. The precipitate 

formed was analyzed by x-ray diffraction techniques and found to 

consist of copper metal and Cu
2
o. 

Observations of the anodic dissolution of copper in lN H2so4 showed 

the same cell voltage-time response as in lN K2so4 and also the same 

anode behavior in the active and transpassive state. The amount of gas 

evolution appeared to be about the same as in lN K
2
so4. Analysis of the 

precipitate showed only the presence of copper metal, although Cu
2
o can

not be excluded as a compound originally formed in the anode layer. In 

lN H2so4, any Cu20 precipitate will react to form cupric ions and copper 

metal. 

c. Chloride solution 

Figure 33 shows the observed behavior in 2N KCl at 1.3 amp/cm
2

• 

After the current is switched on, a white layer grows towards the center 

from the anode periphery. Based on observations reported by other investi

gators, 55 ' 57 this white layer is probably a precipitate of CuCl. When 

the anode is covered by the white layer, the cell voltage increases to 

the steady state. Here the dissolution occurs at random locations on 

the surface. A reddish-brown colored solid is observed forming at the 

active dissolution sites. These solid particles detach from the anode 

surface and stream downwards. After a few seconds of downwards motion 
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in the solution, the reddish-brown particles disappear. Later a light 

green precipitate is also formed at the edges of the active sites. 

Eventually the white surface turns light reddish-brown. The majority 

of locations where active dissolution occurred seem to become passive 

when the light green precipitate covers the dissolution sites. At no 

time is gas evolution observed on the anode. 

Active dissolution at random locations is a form of pitting which 

is common in chloride solutions.
8

9 Since CuCl is predominantly an ionic 

conductor, 90 growth in depth could be occurring simultaneously with the 

active dissolution in the pores. The high anode potential existing in 

the transpassive state could allow dissolution of copper as cupric ion 

and also the formation of Cu2o. The oxide may well be the reddish-brown 

solid observed but this was not confirmed experimentally. If a sufficiently 

high cupric ion dissolution rate exists at the pores eventually the 

accumulation will lead to the precipitation of a cupric chloride salt. 

This may be the light green precipitate which is observed at the active 

sites. The gradual color change on the anode could result from the 

spreading of a Cu2o layer. 

(d) Chlorate Solution 

Figure 34 and 35 shows the cell voltage-time transient in 3N NaCl0
3 

at 3.14 amp/cm
2 

and 9.44 amp/cm
2, respectively. The cell voltage undergoes 

distinct periodic oscillations which increases in frequency at increasing 

current densities. When the current is switched on, the anode dissolves in 

the active state until a orangish-colored surface layer forms. The cell 

voltage increases until the surface appears covered with the porous 
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layer, then the cell voltage abruptly decreases to the value correspond-

ing to the active dissolution state. These voltage cycles continue and 

the surface layer increases in thickness with each cycle. In a stagnant 

solution of 3N NaCl0
3

, surface layers grew to approximately 5 mm thick

ness before separating from a vertical anode. At 3.14 amp/cm
2 

this 

process took approximately 24 seconds. 

The cell voltage-time transient shows that active-passive dissolution 

cycles are possible on an anode covered with a porous surface layer. The 

periodic phenomena may be due to periodic rupture of the surface layer 

which exposes a larger area on the anode for active dissolution. The 

dissolution proceeds on a surface element until the solubility of the 

copper salt is reached and a salt precipitate forms with an increase in 

cell voltage. Then the surface layer is ruptured again; the cell voltage 

abruptly decreases to its low value and the cyclic process is repeated. 

After the anode becomes covered by the porous surface layer, gas which 

is believed to be oxygen is visible. It is estimated that much less than 

1% of the current is used for oxygen evolution. 

It is possible that the rupture of the surface layer may be caused 

by mechanical stresses or temperature changes resulting from the high 

current densities in the pores, but further investigation is necessary 

before a better understanding of this periodic phenomena is reached. 
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B. Chemical Analysis of Cuprous Cupric 
Ion Concentration in a Chloride Solution 

In order to substantiate the results of the apparent valence 

calculated from weight loss measurements and the copper ions found in 

solution, a chemical analysis method was used to determine the amounts 

of cuprous and cupric ions resulting from anodic dissolution. In aqueous 

solutions, Cu + is unstable and disproportionates into Cu ++ and Cu metal. 

Only when a complexing agent is present such as chloride ions, will the 

+ 
Cu ions be stable enough to exist in a high concentration as chloro-

+ 
cuprous ions. Under these conditions, an analysis for the amount of Cu 

++ 
and Cu can be performed. 

Assume copper dissolves anodically in fraction amounts x and y of 

cuprous and cupric ions, respectively, according to the reaction 

+ ++ 
Cu -? xCu + yCu + ne (21) 

where n is the number of electrons transferred. A mass balance gives 

X + y= 1 (22) 

Similarly, a charge balance can be vrritten 

X+ 2y = n (23) 

The two equations can be solved s imul t ane ous ly to yield 

X= 2-n (24) 

and 
y= n-1 (25) 

The values of x and y can be determined by chemical analysis and n can 

1::e calculated from the weight loss measurements of the anode. Thus vle can 

compare the values of x and y determined by the chemical met;hod to the 

result calculated using the apparent valence. 
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l. Experimental Apparatus and Procedure 

The anodic dissolution of copper was conducted in a stagnant solu-

tion of 3N KCl using a H-shaped cell. A schematic of the electrolysis 

cell is shown in Fig. 36. The anode (A) and cathode (B) compartments 

are separated by a fritted glass disc (H). The solution volume typically 

used was approximately 1000 ml. The cell was made of pyrex glass with 

a glass cover containing the appropriate inlets for purging the electrolyte 

and inserting the copper electrodes. The glass cover was clamped to the 

main cell body with a bolt and nut assembly (I) and sealed gas tight with 

an 0-ring (F). Similarly, the electrodes were sealed tight to the glass 

cell with 0-rings and a spring clamp (not shown in Fig. 36). After 

electrolysis, the anolyte was drained through the bottom of the cell 

into another flask which was continuously flushed with high purity 

nitrogen. Samples were taken from this flask for chemical analysis. 

The copper electrodes (purity> 99·9%) were made in two sections. 

The top sections was l/4 inch diameter copper rod to which the electrical 

connections were made. The bottom section was a 1/8 inch diameter copper 

rod which was held in place by a small set screw. This smaller section 

was removed for the weight loss measurements. The electrodes were 

* electrically insulated from the solution by thermal shrinking tubing 

2 2 
(G) to expose 1 em and 5 em area for the anode (D) and cathode (E), 

respectively. 

* Heat shrinkable plastic insulation tubing, irradiated polyole:fin, Type 2 
Ra.ychem Corp., Menlo Park, Ca 94025. 
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The cell voltage and current were recorded on a Brush Oscillograph 

(Series 2300, Brush Instrument Division, Cleveland, Ohio) which traces 

. a light beam signal on photosensitive paper. The constant current 1-1as 

supplied by a power supply (Type C618, Electronic Measurements Inc., 

Eatontovm, New Jersey) with a maximum output of three amperes. 

The experimental procedure involved the followjng steps: 

(1) weigh anode 

(2) purge electrolyte with high purity nitrogen until oxygen free 

(3) carry out electrolysis using a preset constant current until 

approximately 60 coulombs are passed. 

(4) drain anolyte into oxygen-free flask 

(5) analyze for cuprous ion 

(6) analyze for total copper 

(7) weigh anode 

a. Determination of cuprous ion concentration 

The procedure adopted for this analysis is based on the method 

91 described by Vogel. A 50 ml aliquot of the anolyte is added to an 

acidified ferric ammonium sulfate solution. The cuprous ions are oxidized 

by the ferric ions to cupric ions and an equal amount of ferrous ions 

are formed. Then the ferrous ions are titrated with a standard solution 

of eerie sulfate using a ferrion indicator. The Ce(so4)2 was standardized 

with pure As2o
3

• The volQ~e of l0-
2

N Ce(so4)2 used is about· 5 ml in most 

experiments which corresponds to approximately 2.5 x 10- 3 gm Cu+. For 

each experiment a minimQ~ of three aliquots plus a blank is analyzed. 



I 

c 

-106-

c 

XBL 695-503 

Figure 36. H-shaped cell used for cupric, cuprous ion chemical analysis. 
A = anode compartment; B = cathode compartment; C = gas dispersion 
tube; D = anode; E = cathode; F = 0-ring seal; G = insulation; H = 
fritted glass disc; I = bolt and nut assembly. 
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b. Determination of cupric ion concentration 

In general, the amount of cupric ions in solution was small compared 

to cuprous ions, so instead of determining the amount of cupric ions, 

the total amount of copper in a 50 ml aliquot was determined. Then the 

cupric ion content was obtained by differences. 

To a 50 ml aliquot was added 0.5 gm Na
2
o

2 
to oxidize the cuprous 

ions to cupric ions. The solution \vas gently boiled for a few minutes 

to remove the excess peroxide. After cooling, a few drops of HCl were 

added to adjust the pH to approximately two. Then the cupric ions was 

determined by the conventional iodine-thiosulfate method using a starch 

indicator. The volurne of l0-2N thiosulfate used is about 5 ml. A 

minimu.rn of three aliquots is analyzed for each experiment. 

2. Results 

Operating at constant current, the cell voltage-time relationship 

shoHs a behavior typical of anodic passi vating systems. 92 Traces. of 

the oscillograph recording at various current densities are shown in 

Fig. 37· The current density i and the time T required for the step 

increase in cell voltage follows a relationship i-r
1

/
2 ~ constant, which 

suggests that the diffusion of an ionic species in solution which is 

formed at the anode is responsible for the passivation process. Table 

VII shows the experimental results of i .f-r compared to the theoretical 

value. In chloride solutions the passivating film is believed to be 

CuCl. 55,
62 

· During anodic dissolution in the transpassive state, a white 

layer was observed on the anode. This layer gradually darkened vrith 

time of electrolysis. At higher current densities (> 1.0 amp/cm
2

) the 
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darker layer appeared to form cracks at random position. This caused 

small pieces of the layer to flake off and later dissolve in the 

solution. 

Figure 38 shows the variation of cell voltage and apparent valence 

with current density during the anodic dissolution of copper in 3N KCl 

solution. At current densities where no passivation film of CuCl was 

present the apparent valence is one. As the current density is increased, 

the apparent valence increased to a maximum and then decreased slowly 

again. The general shape of the apparent valence curve is similar to 

the results obtained in the forced convection experiments. The cell 

voltage underwent a large step increase at current densities where 

passivation occurs, and the apparent valence under these conditions is 

greater than one. 

Table VIII summarizes the results of the weight-loss determination 

and the chemical analysis of copper species. Columns l and 2 are the 

current density and time of electrolysis respecti:v'ely. Column 3 is the 

weight loss of the anode, and the column 4 is the calculated apparent 

valence. Column 5 and 6 are the weight of cuprous ions and total copper 

ions in a 50 ml aliquot, respectively, and colQ~ 7 is the difference of 

column 5 and 6. The weight fraction of cuprous .ions calculated from 

the chemical analysis method and the apparent valence calculation are 

shown in colQ~S 8 and 9, respectively. A mass balance between columns 

3 and 6 showed agreement to l-2%. 
+ 

The results of the weight fraction of Cu obtained by the two irtde-

pendent methods show good agreement, and the increase in apparent valence 

with current densities as shown in Fig. 38 corresponds to a decrease in 

the relative amount of cuprous ions. 
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Table VII. Comparison of experimental and theoretical results of i J"-r 

for free convection anodic dissolution of copper in 3N KCl. 

A. 

B. 

Experimental Results 

i(amp/cm
2

) 

0.10 

0.16 

0.21 

0.26 

0-51 

0~82 

1.00 

1.31 

l. 58 

1.87 

1.98 

Theoretical 

i J"-r = ~cF J"1tD = 2 

z = 1 

-r(seconds) 

38.90 

11.60 

9-20 

5-63 

1.85 

0.65 

0.48 

0.28 

0.20 

0.16 

0-15 

0.72 

0.62 

o. 56 

·0.69 

0.62 

0.70 

0.68 

0.69 

0.69 

0.75 

0.77 

c = 1.88 x 10-3 moles/cm3 (solubility of CuCl in 2N KCi) 53 

-6 2/ D = 5 x 10 em sec 

F = 96500 coulomb/equivalent 
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Figure 37· Cell voltage-time behavior for the anodic dissolution of 
copper in 3N KCl at various current densities. 
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Figure 38. Variation of apparent valence and cell voltage 'lvith current 
density during the anodic dissolution of copper in 3N KCL 
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Table VIII. Free convection anodic dissolution of copper in 3N KCl. 

1 2 3 4 5 6 7 8 9 

Current Time 6.w n w + w w ++ w + 2-n 
T Cu Cu Cu Cu 

density (xlo3) (xl03) (xl03) wcu 

(amp/cm2) (sec) (gm) (gm). (gm) (gm) "-------\ 

0.05 1200 0.0411 1.00 3-82 3·'76 -0.06 1.00 1.00 

0.10 6oo 0.0344 1.15 2.48 3.08 o.6o o.81 0.85 

0.13 480 0.0330 1.28 2-35 2.98 o.63 0.79 0.72 

0.16 4oo 0.0329 1.31 2.16 2-95 0-79 0-73 o.69 

0.21 300 0.0312 1.30 2.10 2.90 o.8o 0.72 0.70 

0.26 240 0.0327 1.28 2.25 3-04 0.79 0.74 0.72 

0.51 120 0.0331 1.20 2.49 3-20 0-71 0.78 o.8o 

0.82 So o. 0359 1.20 2.66 3.28 0.62 o.81 o.8o 

1.00 60 0.0359 1.10 2.87 3-28 0.41 0.87 0.90 

1.31 48 0.0360 1.16 2-75 3-20 0~45 o.86 o.84 

1.58 45 0.0431 l.o8 3· 52 3-91 0-39 0.90 0.92 

1.87 35 0.0405 l.o6 3·31 3-60 0.29 0.92 0.94 

1.98 
I 

31 0.0374 1.07 3-10 3-32 0.22 0-93 0-93 
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VI. OXYGEN ANALYSIS 

So far we have interpreted the apparent valence measurements solely 

on the basis of two valence states for copper. Yet, the onset of anodic 

passivation may be accompanied by the evolution of oxygen at the anode, 

according to published reports.93, 94 In some cases, anodic dissolution 

becomes negligible, and the dominating anodic reaction is the evolution 

of oxygen. 93, 94 

The purpose of this investigation was to determine quantitatively 

the amount of oxygen gas evolved during anodic copper dissolution under 

conditions comparable to our high current density experiments in the 

flow channel. Since no simple ri1eans were available to monitor the 

amount of oxygen evolved in the flow system described in Section IV, 

another experimental apparatus was constructed. When the oxygen is 

evolved at an anode where the electrolyte is moving past very rapidly, 

the concentration of the oxygen may become so low as to make its quanti-

tative analysis quite difficult.· To measure the total amount of oxygen 

evolved by collecting all the solution moving past the anode may be 

impractical because of the dilution problem and alsobecause of 

probable gas leaks into the apparatus. If the oxygen analyses were 

performed on samples obtained from the apparatus described in Section IV, 
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. * 
a oxygen concentration range of 2. 5-0.008 ppm (oxygen by weight) 

would have to be measured for the current densities and flow rates 

listed in Table rv. These values represent the oxygen concentration 

range if 1% of the current is used for oxygen evolution, and the oxygen 

is carried away only in the electrolyte flowing past the anode during 

electrolysis. Concentrations of the order l ppm are measurable using 

chemical (e.g., Winkler method) or instrumental (e.g., polarographic) 

techniques, but concentrations about 0. 008 ppm are quite difficult to 

analyze quantitatively in solution. A polarographic method was used 

for oxygen analysis since it offered a rapid means of measurement and 

thereby reduced the time for any possible change in oxygen concentration 

of the sample. Since the dilution of the oxygen concentration in the 

flow system described in Section IV resulted in concentrations too low 

to be measured using the polarographic method, another flow system was 

designed. It was decided that only a portion of the total solution 

volume moving past the anode should be used for measurement purposes; a 

sample representative of the steady state operation during which oxygen 

may be produced. 

* The oxygen concentration is 2.5 ppm at 30 em/sec flow rate and 32.8 
amp/cm2 current density, and 0.008 ppm at 606 em/sec and 2.5 amp/cm2 • An 
electrolyte density of 1.1 gm/cm3 was used in these calculations. 

t t
. wei oxy en generated sec 

oxygen concen ra 10n = 1 t lyt fl e ec ro e ow sec 
(current densit electrode area) equiv.wei ht) current efficienc ) 

linear flow rate channel cross electrolyte density 
X: l 

(Faraday's constant) 2 -2 

2 5 
_ (32.8 amp/cm2)(0.09 em )(8 gm/equiv.)(lO ) 

. ppm - 2 
(30 cm/sec)(0.03 em )(l.l gm/cm3 )(96500 coul/equiv) 
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A. Experimental Apparatus and Procedure 

A schematic diagram of the experimental apparatus used for the 

oxygen analysis experiments is shmm in Fig. 39· The whole assembly is 

contained in a 13 cubic foot glove box which is continuously purged 

with high purity nitrogen. The nitrogen pressure is maintained higher 

than atmospheric to minimize any air leak into the glove box. The 

nitrogen is introduced at a rate of approximately 6 cubic feet/hr. An 

air lock chamber attached to the side of the box allows easy access 

for the removal or introduction of solution or electrodes. A 1000 ml 

flask (J) containing the electrolyte is purged with high purity nitrogen 

before and after entering the glove box. A 3-1-Tay solenoid valve (G) 

(Asco Valves, Automatic Switch Co., Florham Park, N. J. 07932) controls 

the direction of electrolyte flow from the storage cylinder (L). A 

mechanical variable speed drive motor (Model JK3, Zero Max, Minneapolis, 

Minn. 55408) is attached by a belt drive to the piston (I). The upward 

motion· of the piston draws solution into the 200 cm3 storage cylinder. 

The downward motion of the piston pushes the solution back into the 

flask or into the electrol~sis cell (c), depending on the adjustment to 

the solenoid valve. The cathode used for calibration in the oxygen 

analysis experiments was a square copper rod, with a surface area of 

2 
0.09 em , cast into an epoxy insert. The epoxy insert had a shoulder 

which allowed the electrode surface to be positioned flush with the wall 

of the flow channel. Two types of copper anodes, cast in epoxy, having 

different surface areas were used in the oxygen analysis experiments. 

This enabled us to reach relatively high current densities using the 
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smaller anode. The larger anode had the same shape and surface area 

as the copper cathode. The smaller rectangular anode had an area of 

0. 02 cm
2 

( 0. 06 em by 0. 33 em). The smaller dimension was positioned 

parallel to the flow direction. The electrode separation of 0.05 em 

was maintained by a teflon spacer on which the anode rested. The 

spacer also served as the walls for the 0. 3 em wide rectangular flow 

channel. The electrolysis cell was connected to the oxygen analysis 

cell (B) by a short length of tygon tubing. 

Before describing the operation of the oxygen analysis cell, we will 

discuss the steps leading to the oxygen measurement. After purging the 

electrolyte sufficiently long to minimize the residual oxygen concentra

tion, the electrolyte is drawn into the storage cylinder. The flow 

rate is set by adjusting the microdial control on the variable speed 

motor so the piston moves at the desired rate. The piston is started 

downwards, and the solution is forced into the electrolysis cell, then 

the current is switched on by a relay switch. After a predetermined 

time, the current is switched off. Simultaneously with the current 

switch off, the relay activities the solenoid valve so the piston pushes 

the electrolyte back into the 1000 ml flask. The electrolyte containing 

the electrolysis products and any oxygen is trapped in the tygon tubing 

connecting the two cells and also in the coiled collection tube (F). 

The fast responding solenoid valve (switching time approximately 10 

millisec) is necessary to bypass fresh electrolyte away from the elec

trolysis cell after the current is off. This insures that any oxygen 

containing solution is contained in the coiled collection tube and 

readily accessible to analysis. 

\ 
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Figure 39· Schematic of experimental apparatus used for oxygen gas 
analysis. 
A, anode; B, epoxy oxygen analysis cell; c, epoxy electrolysis cell; 
D, magnetic stirrer; E, cathode; F, coiled collection tube, made of 
3/16" stainless steel tubing; G, electrically operated 3-way solenoid 
valve; H, mechanical variable speed drive electric motor; I, teflon 
piston; J, flask; K, gas inlet tube; L, polyvinyl chloride storage 
cylinder. . 
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XBL 696-768 
Figure 40. Cross-section view of oxygen analysis cell. A, oxygen sensor; 

B, epoxy cell; c, polypropylene plunger; D, measuring chamber; E, Needle 
valve; F, mounting bracket; G, plunger holder; H, 0-ring seal; I, solu
tion flow channel; J, epoxy coated magnetic stirring bar; K, stainless 
steel tubing; L, flange. 
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The measurement of the oxygen concentration is carried out in the 

oxygen analysis cell shown schematically in Fig. 40. The solution 

trapped in the collection tube is drai-m into the measurement chamber (D) 

by pulling up the plunger (C). The chamber is sealed by the needle 

valve (E). The oxygen sensor (A) (Beckman 76365 Sensor, Bechman Instru-

ments, Inc., Fullerton, Calif. 92634) is connected to a Process Oxygen 

Analyzer (Model 778, Beckman Instruments Inc.) which is located outside 

the glove box. The oxygen sensor operates on the polarographic principle 

and measures thE.· dissolved oxygen concentration in solution. A teflon 

membrane separates the sensor and the solution. The diffusion of oxygen 

in liquids is too slow to replace the oxygen consumed by the sensor so 

the solution must be stirred. This is done with a magnetic stirring 

bar (J) rotated by means of a magnetic stirrer (D) (Figure 39). The 

stainless steel tubing (K) is connected to the tygon tubing on one side 

and the coiled collection tube on the other side of the analysis cell. 

3 The volume of the measuring chamber is about 3 em • This is sufficiently 

small that only electrolyte flowing past the anode during electrolysis 

is collected for analysis. 

B. Calibratton and Results 

Before using the apparatus for oxygen measurements, the oxygen sensor 

must be calibrated with knmm concentrations of oxygen. To do this, a 

platinum anode (area 0.03 cm
2

) instead of copper was used to generate a 

known about of oxygen in the electrolysis cell. Then the oxygen enriched 

solution vlas drawn into the measuring chamber and the calibration control 

set for a particular value on the direct reading meter of the Process 
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Oxygen Analyzer. A 3 ampere constant current power supply (Electronic 

Measurement Model C618) was used in the oxygen analysis experiments. 

To measure a 1% current efficiency for oxygen evolution at the maximum 

current output, the calibration was carried out using a 30 milliampere 

constant current at the flow rates used in the actual experiments. Two 

flow rates were chosen for investigating the oxygen evolved at the anode. 

These were 100 em/sec and 500 em/sec. 

The oxygen sensor can also be calibrated in a gaseous medium such 

as air. The calibration is set at 160 mm Hg partial pressure of oxygen 

which corresponds to the 21% oxygen in air (atmospheric pressure is 

760 mm Hg). Then the oxygen partial pressure could be measured in the 

glove box. Using this method, oxygen partial pressures less than 5 mm 

Hg were found. This value could be reduced by constant purging over-

night with high purity nitrogen so that the oxygen remaining was small 

compared to the amount produced electrolytically for calibration. Typ-

ically, the background oxygen represented less than 5% of the electro-

lytically generated oxygen used in calibration. 

The residual oxygen concentration was neglected in the calibration 

at 30 milliampere current. In subsequent tests, the background oxygen 

reading was subtracted from the actual meter reading. A typical calibra-

tion test is shown in Fig. 41 for a 100 em/sec flow rate in lN K2so4 . A 

calibration test for a 500 em/sec flow rate in 2N KN0
3 

is shown in Fig. 42. 

The measured points are the average of three different experiments at 

each current tested. In some cases, the measured values are different 

from the calibration curve by as much as 30%. Since the calibration is 
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done for an oxygen current efficiency of 1%, this large error would not 

represent a very significant amount of the total current passed. 

The oxygen analysis \-laS conducted in the above mentioned apparatus 

at two different flow rates, using 2N KN0
3

, lN K2so4, and 2N KCl as 

electrolytes. The experimental current density range investigated is 

listed in Table IX. The oxygen analysis was conducted at 8-10 different 

selected current density values for each electrolyte and flow rate listed. 

The current density range represents a current range of 0.24-3.0 

amp at both 100 em/ sec and 500 em/ sec flow rate. In order to measure a 

1% oxygen current efficiency at the lmvest current applied, the sensor 

must be able to detect the oxygen evolved at the platinum. anode when 0. 0024 

amp is passed. Inspection of Figs. 41 and 42 indicate that the sensor can 

readily detect this oxygen concentration at both flow rates. Expressed 

in concentration units, a 30 milliampere current would generate about 

1.6 ppm and 0.3 ppm oxygen by weight for a flow rate of 100 em/sec and 

500 em/sec, respectively. 

The calibration for the 2N KN0
3 

solution was also used in 2N KCl 

because of the following problem. An attempt to generate oxygen at a Pt 

anode in 2N KCl resulted in no meter reading on the Process Oxygen 

Analyzer. Probably no oxygen is evolved at the anode but instead only 

chlorine gas. 
2 

For a current density of 1 amp/em (calibration current 

of '30 milliampere) the reported oxygen overvoltage95 on massive platinum 

is 1.55 volts. Because of this high oxygen overvoltage, the evolution 

of chlorine gas is the predominant anodic reaction.96 
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Figure 41. Calibration test of sensor and sampling technique at various 
currents in lN J<2S04 at 100 em/sec flow rate. Solid line represents 
the expected amount of oxygen evolved at various currents with 30 
milliampere calibrating current corresponding to meter reading of 6. 



-.. 
Ul -c 
= 
>. ... 
ca ... -.CI ... 

.!! 
c:J 
z: 
Cl 
Cl: ...., 
a::: 
a::: ...., 
1-...., 
:IE 

5 

4 

3 

2 

1 

10 

-123-

20 

CURRENT (rna.) 

XBL 697-852 

Figure 42. Calibration test of sensor and sampling technique at various 
currents in 2N KNO at 500 em/sec flow rate. Solid line represents 
the expected amount of oxygen evolved at various currents with a 30 
milliampere calibrating current corresponding to a meter reading 
of 6. 
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Table IX. Oxygen analysis experiments. 

Electrolyte Flow rate Current density range 

(em/sec) 
2 

(amp/em ) 

2N KN0
3 

100 2. 5-37 

500 10.5-80 

lN JSS04 100 5-3-37 

500 5·3-50 

2N KCl 100 5· 3-40 

500 10.5-63 
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A fresh copper anode, mechanically polished on #600 grit emery 

paper, was used for each experiment. The current is passed for a time 

which decreases with increasing current dertsity. A timer is set to 

allow electrolysis for a period necessary to dissolve an approximately 

50 micron thick anode layer. 

The current densities selected for the oxygen analysis experiments 

correspond to values where copper anodically dissolves in the transpassive 

state (See Figs. 15-28). In every case, the oxygen concentration detected 

by the sensor was less than what v1ould correspond to 1% of the applied 

current. Most of the analyses indicate that no oxygen is present since 

only the amount of the background oxygen is measured after electrolysis. 

The oxygen analysis results are not too surprising since very little 

gas evolution was observed even in the free convection experiments. 

Investigation of the anodic behavior of copper in NaOH indicate that 

oxygen evolution occurs only after the cupric oxide layer is sufficiently 

thick to protect the copper surface from further attack.50 Huber97 

concluded from his study on the anodic dissolution of cadmium in NaOH 

that oxygen evolution can take·place only on a film-coated surface, 

since in general the free energy of oxidation of the metal is negative. 

Thus oxidation must take place more readily than oxygen evolution itself. 

In a forced convection system, part of the surface ~ayer could be pulled 

off or flaked off, exposing surface arects where the direct passage of 

ions into solution could occur with little or no evolution of oxygen. 
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VII. DISCUSSION 

The experimental re1:ults can be briefly Sll!Yl'1Iarized as follo'.vs: 

1. The cell voltage-time transients at con1:tant current density shm·IS 

a behavior typical of anodic passivating systems. I~~ediately after the 

current is switched on, the cell voltage increases to an initial step 

value where it remains for a period of time, then it rises rapidly to a 

final steady state value. The duration of the lol·l voltage as Hell as 

the magnitude of the voltage step depend on the current density and flm1 

rate. 

2. The magnitudes of anode potential in both ree;ions indicate that 

anodic processes are responsible for any noticeable changes in cell 

voltage. 

3· A motion picture study of the anodic dissolution of copper in f:tag

nant solutions clearly shm.;s the step increase in cell voltage is caus.ed 

by the formation of a porous layer on the anode. 

4. Isolation and x-ray am.lysis of entrained anode precipitate identified 

tHo copper compounds, cu
2
o and Gu pm1der. 

5· pH measurements of solution during electrolysis by a capillary sarnpling 

technique v1ere consistent T,Jith the formation of Cu
2

0 at the anode. 

6. Weight-loss measurements of the copper anode after dissolution sho;t~ed 

that the calculated apparent valence depends on the electrolyte used. At 

lov1 current densities in the "active" region in nitrate and sulfate solu

tions the apparent valence is two, in chloride the value js one. At 

current densities in the "transpassive" ree:::ion, the apparent valence 

decreases to a limiting value of approximately 1.6 for nitrate and 

• 
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sulfate. In chloride, the apparent valence increases to a maximum and 

the,n slowly decreases to a limiting value slightly larger than one. 

7. Chemical analysis for cuprous and cupric ion concentration after 

anodic dissolution in stagnant 3N KCl agreed vlith the calculation of 

copper ion concentrations determined from the weight-loss measurements. 

8. Oxygen analysis by a sensitive electrochemical technique shoved 

that the fraction of current causing oxygen evolution during high cur

rent density anodic dissolution in- nitrate, s1~lfate, and choloride 

solution is negligible. 

Based on the experimental results and observations a qualitative 

explanation of the phenomena. of high current. density anodic copper 

dissolution can be proposed. If copper initially dissolves with the 

formation of cupric ions there is an increase in the concentration of 

metal cations at the anode surface. Convection, diffusion and migration 

are not capable of providing adequate rates of removal of the anode 

products in solution; the solution becomes supersaturated and precipita

tion of the solid copper salt follows. At low current densities or under 

conditions where sufficiently high mass transfer rates exist, the copper 

ion concentration at the anode is maintained at a value below saturation. 

Experimental studies of mass transfer during anodic dissolution are 

scarce. Hoar and Rothwe113 studies the dependence of the anodic dissolu

tion of copper in a-phosphoric acid on the solution flow rate. Using a 

potentiostatic technique, their results shoHed a limiting current density 

which increased with flov1 rate and decreased with acid concentration. 

The presence of a solid film on the anode is believed responsible for the 

111, 
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observed limiting current densities. Anodic mass transfer studies for 

"1 104 d . b 11 105 . Sl ver an 1ron-car on a .oys, us1ng precise hydrodynamic condi-

tions, indicate that supersaturation of silver and ferrous ione 

exists when a film is formed on the anode. The results obtained for the 

d . d . 1 t . f "l . lfu . . d104 . f . t ano lC 1sso u 10n o Sl ver 1n su r1c ac1 were 1n a1r agreemen 

with established mass transfer relations for laminar and turbulent flow. 

The above investigations pertain to anodic dissolution studies at 

low current densities. The influence of mass transfer at high current 

densities has recently been discussed. 67 The observed mass transfer 

rate of anodic copper dissolution i_n KI'J0
3 

and JSS04 was compared to 

rates obtained from the following correlations: 

(i) in laminar flow 

(ii) in turbulent flow 

Nu 

(26) 

(27) 

Nu is the average Nusselt number, defined as Nu = i d /2Fc D where i is 
p e s p 

the minimum current density at which passivation occurs, d is the hydraulic 
e . 

diameter, c is the saturation concentration of the dissolving metal, and 
s vd 

D is the diffusion coefficient. Re = ~ is the Reynolds number, where v 
v 

is the kinematic viscosity and v is the linear flow velocity. Sc is the 

Schmidt number, Sc = ~' and L is the electrode length. 

A comparison of experimentally obtained values of the current densi-

ties i , at which passivation occurs, and those obtained from Eqs. (26) 
p 
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and (27) shoH fair agreement. A model assu.rning that the maximurn mass 

transfer rate of dissolution products corresponds to the conditions 

leading to passivation is in accord with the above-mentioned investiga

. 67 tl.on. 

Using Eq. (26) and Eq. (27) we can calculate c • The passivation 
s 

current densities can be obtained from Figs. 15-28 as the current 

density at which the step increase in cell voltage occurs. The calcu-

lation of c is shown in Table X. 
s 

We can compare the solubility values reported in the literature 

with our calculations if we assu.rne that cupric nitrate, cupric sulfate,· 

and cuprous chloride are formed in the nitrate, sulfate, and chloride 

solutions, respectively. Table XI shoHs the literature values in dif-

ferent aqueous solutions. 

The calculated results indicate the correct order of solubility with 

the nitrate the most soluble and the chloride salt the least soluble. 

Thus these results show an'order of magnitude agreement in accordance 

with a model based on the formation of a porous copper salt layer when 

the passivation current density is reached. For the sulfate and chloride, 

the discrepancies between calculated c values and the equilibriurn s 

solubilities in Table XI may be in part due to the fact that nucleation 

may require significant supersaturation. Our results obtained in the 

nitrate and sulfate solutions agree with the results reported by Landolt 

et a1., 67 using a different flow system. 

The apparent valence results and the potential measurements show 

that in the region of active dissolution (current densities below which 
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Table X. Calculation of saturation concentration of copper salts. 

Electrolyte Flow Velocity Reynolds i 
a c 

p s 

(em/sec) number 
2 

(amp/em ) (moles/1) 

2N KN0
3 

30 510 3.8 4.5 

200 3390 8.5 4.6 

627 10600 31.0 8.5 

lN K2so4 50 730 1.5 1.4 

200 2920 4.1 2.2 

686 10000 8.5 2.2 

lN H2so4 50 770 3·6 3.4 

200 3090 4.7 2.5 

686 10600 11.8 3·0 

2N KCl 50 820 0.4 0.8 

200 3270 1.2 1.2 

606 10000 2.5 1.2 

aA diffusion coefficient of -6 2/ 5 x 10 em sec was assu.rned for this 

calculation. 
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Table XI. Solubilities of copper salts. 

Copper , salt 

Cupric nitrate 

Cupric sulfate 

Cuprous chloride 

Aqueous solution 

H o106 
2 

H o106 
2 

44 
lN H2so4 
2N Kc1 53 

Solubility 

7.0 moles/l (25°C) 

1.41 moles/1 (25°C) 

1.1 mole/1 

1.0 mole/l 
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passivation of the anode occurs) copper dissolves as cupric ions in 

nitrate and sulfate, whereas cuprous ions are formed in chloride. In 

the absence of complexing anions or solid formation, copper dissolves 

in the +2 state because of the relative values of the oxidation potentials 

(Eqs. (10) and (ll)). The cuprous, cupric ion equilibrium constant
40 

is 

[acu++)/[acu+J
2 

= 10
6 

at room temperature, thus in nitrate and sulfate 

the dissolution of copper as cupric ion is favored. The ability of 

chloride ions to compiex cuprous ions and decrease its activity results 

in the cuprous-cupric equilibrium shifting in the direction favoring 

dissolution in the +l state. In 2N KCl, a sufficiently high concentration 

of chloride ions is present so copper dissolves in the univalent state 

55-61 to form cuprous chloride complexes. 

The soluble cupric ion and cuprous chloride complexes increase in 

concentration at the anode when higher current densities are passed. 

This eventually leads to precipitation of the respective copper salts. 

The formation of a porous salt layer upon anodic dissolution of various 

101* 
metals has been experimentally observed. Various copper salts have 

b ~ d t f l . •t t• 44,108 A een ouserve o orm a porous ayer upon pre.cJ.pJ. a J.on. porous 

structure may result from partial dissolution of the surface layer and by 

stresses in the surface layer due to the morphology of the interface or 

ha 
107,108 the crystallite s pe. 

* Extensive discussion of anodic surface layer formation is presented by 
. 102 103 

Muller and Hedges. 
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The apparent valence decreases after the onset of passivation in 

* the nitrate and sulfate solutions. If the only anodic reaction is 

the dissolution of copper, then an apparent valence between one and two 

would suggest that univalent copper ions must be formed. X-ray analysis 

bf the anode precipitate showed the presence of cu
2
o and Cu metal. The 

Cu metal may be formed by the disproportionation of cuprous ions (Eq. 

(12)) or the removal of small copper particles from the surface possibly 

** by a grain boundary dissolution mechanism In most cases the relative 

amount of Cu po-vrder detected by x-ray diffraction was very small. The 

large decrease in pH meesured in a sample collected downstream from the 

anode and the x-ray analysis suggest that the formation of cu
2
o is 

mainly responsible for the decrease in apparent valence." 

The presence of repetitious active-passive cycles at random locations 

on the anode surface may serve as a possible explanation for the apparent 

valence observed in the transpassive state. These cycles may arise from 

the formation and removal of solid material on the anode surface which 

may be considered a two dimensional array consisting of area elements, 

some covered by a surface layer and the remainder exposed to the electro-

lyte. Active dissolution occurs on the exposed area elements and passive 

dissolution occurs on the covered area elements. 

* other possible anodic reactions are the oxidation of water and the oxida-
tion of the anion. Experimental investigation on the oxidation of water 
to produce oxygen indicate that the amount produced is negligible. The 
nitrate anion is in its highest knmm oxidation state and the oxidation 
of· sulfate to persulfate is very unlikely because of the experimental con
ditions necessary for the reaction to occur at appreciable rates .109 

** The presence of small metal particles in solution after anodic dissolu-
tion has been frequently observedJl36 but as yet, the mechanism for this 
process is not clearly understood. A discussion of the "anodic disintegra
tion11 of metals is presented in Appendix C. 
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Active dissolution is initiated at a passive dissolution site when 

the flowing electrolyte removes the surface layer present. The active 

dissolution may proceed to form cupric ions until the saturation limit 

of the copper salt is exceeded and precipitation occurs. Then dissolu

tion in the active cycle ceases and is succeeded by dissolution to form 

cu2o in the passive cycle. The surface layer consisting of copper salt 

and Cu2o may continue to grow until a thickness is reached where the 

solid material is removed from the area element by the flowing electrolyte. 

A mechanism of anodic dissolution involving active-passive cycles, 

suggests that potential oscillations should be observed corresponding to 

a change of state at the anode surface. An example of defined periodic 

cell voltage oscillations is shown in Figs. 34 and 35 for the anodic 

dissolution of copper in 3N NaC10
3

• In this case the active-passive 

cycles may result from the change in porosity of the surface layer by 

the opening (rupture of the surface layer forming pores or the dissolving 

of the solid material in the pores) or closing (precipitation of solid 

material in pores) of pores. When the porosity increases the cell voltage 

decreases and vice-versa. The frequency of the cell voltage oscillations 

increase, with increase in current density, during anodic copper dissolu-

tion in 3N NaCl0
3

. 

Large changes in cell voltage in a periodic manner can only occur if 

the entire surface or large portions of it are in the same active or 

passive state. If a large number of area elements on the anode surface 

are undergoing active-passive cycles but are out-of-step with respect to 

each other, then the net result may be an observed voltage which shows 
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little or no oscillations. This may well be the case for the trans

passive dissolution of copper in nitrate, sulfate and chloride solutions. 

The cell voltage-time transients in Figs. 7-9 show the presence of 

random fluctuations in voltage during transpassive dissolution. This 

may be the net result of a large number of active-passive cycles occurring 

out-of-step vlith respect to each other. 

The apparent valence may be an indication of the total effect of 

anodic dissolution in the active-passive cycles. If the time duration 

of the active cycle is large compared to the passive cycle, then a 

relatively large fraction of cupric ions is formed, and the apparent 

valence is close to two. The effect of increasing the applied current 

would be to increase the true current density at the active site. This 

would decrease the passivation time and increase the frequency of the 

active-passive cycles. When the ratio of the charge passed in the 

active cycle and the passive cycle is constant, independent of current 

density, then dissolution with a limiting apparent valence may occur. 

At very high current densities the limiting apparent valence in a given 

electrolyte was found to be approximately the same independent of flow 

rate. This may suggest that the influence of current density and flow 

rate is to change the frequency of the active-passive cycles but apparently 

the ratio of charge passed in both cycles remains constant. 

The anodic behavior of copper in chloride is more complicated than 

in nitrate and sulfate because two stable copper salts CuCl and CuCl2 

are possible reaction products as well as the oxide. The more complex 

nature of the chloride system is also noted in the apparent valence-
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current density :plots which reveal the :presence of a maximum. The 

motion :picture observations of anodic copper dissolution in stagnant 

2N KCl showed dissolution occurring at random locations on the :passive 

layer. This behavior was not observed in stagnant solutions of nitrate 

or sulfate. 

In 2N KCl, copper dissolves in the active state to form a cuprous 

chloride complex. At high current densities where the solubility of 

cuprous ions in 2N KCl is exceeded, a :precipitate of CuCl forms on the 

anode. In the flow system, solid :particles of CuCl may be removed from 

the surface layer exposing active sites for copper dissolution. At the 

active sites, copper dissolves as cuprous ions until the saturation con-

centration is reached and then CuCl :precipitates. Then copper dissolves 

in the :pores in the +2 state. 58 
The solubility of CuCl2 may be suffi

ciently high to :prevent the blocking of the :pore with a salt layer, in 

a certain current density range. The increase in apparent valence with 

current density indicates that the fraction of cupric ions :produced 

during dissolution may be increasing. As the applied current is 

increased, the current density in the :pores is increased. Eventually 

the current density in the :pores is high enough so that the solubility 

limit of CuCl2 is exceeded. This corresponds to the ,situation where 

the maximQm weight fraction of cupric ions is :possible and the maximQm 

apparent valence may occur at this applied current. 

The decre'ase in apparent valence with current density after the 

maximum value may be attributed to another anodic reaction, the formation 

of cu2o (Eq. (20)), which increases the weight fraction of c,o:p:per in the 
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univalent state. Chemical analysis of cuprous· and cupric ion concentra-

tion in 3N KCl confirmed the presence of a higher fraction of cuprous 

ions •rhen the apparent valence was lmver. At current densities where 

the precipitation of CuC12 occurs in the pores, the situation may be 

assumed to be analogous to the behavior in the nitrate and sulfate 

solutions: active-passive cycles occur at random locations on the anode. 

During the active cycle copper dissolves with a CuCl and CuCl2 layer 

precipitating on the active sites. Then Cu20 is formed during the 

passive cycle. The formation of Cu2o would decrease the apparent 

valence similar to the case in nitrate and sulfate solutions. 

The apparent va.lence reaches a limiting value at higher current 

densities in all the electrolytes investigated. This behavior is 

similar to the results reported in the ECM literature: a limiting 

apparent valence corresponds to an electrolytic metal remova.l rate 

. 8 10--16 
linearly proportional to the current density. ' The high dissolu-

tion rates obtained for copper during transpassive dissolution may occur 

by the removal of solid anode products by entrainment in the flowing 

electrolyte. The occurrence of anodic passivation under ECM conditions 

has not been clearly established due to a scarcity of published data on 

current-voltage behavior. In some studj_es lvhere current-voltage relation

S 12-14 16 
ships were reported, ' ' a linear dependence was observed. Recent 

investigations24, 28, 29,35, 67 indicate that anodic passivation plays an 

important role in obtaining the surface finishes found in electrochemical 

machining. No good explanation for this phenomenon is known at present. 

Our work shovrs thJ.t anodic dissolution, in the cas9 of copper, 
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drastically affects the apparent valence of the dissolution process and 

results in higher dissolution rates than predicted for the highest 

removal rate of copper by convective-diffusion. 
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VIII. CONCLUSION 

This study was initiated to investigate electrochemical, rrgss 

transfer, and interfacial phenomen~ during the anodic dissolution of 

metals at high current densities. Experimental investigations were 

conducted in both forced and free convection systems. Two different 

flow systems -vrere used. In one the anode weight loss and electrical 

parameters were measured, the other was used to determine the amount 

of oxygen evolution at the anode. Experiments were conducted under free 

convection to observe the formation and grmrth of the passive layer and 

also to analyze for cuprous, cupric ion concentration resulting from 

anodic dissolution of copper in 3N KCl. 

The following conclusions are drawn from the experimental investi

gation: 

(1) Cell-voltage-time transients shmr a behavior typical of anodic 

passi vating systen;s. The onset of passivation can be attributed to the 

formation of a porous copper salt layer on the anode. The passivation 

current density corresponds to the limiting mass transfer rate of 

dissolved products from the anode. 

(2) The electrolyte used has a large effect on the anodic dissolu

tion rate of copper. The apparent valence results showed that active 

dissolution in the nitrate and sulfate solutions proceed by the formation 

of cupric ions and in chloride solution by the formation of cuprous ions. 

This is consistent with expected results of the equilibriQ~ between 

cuprous and cupric ions; in aqueous solutions cupric ions predominate 

unless the cuprous ion activity is greatly decreased by complex formation. 
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(3) The decrease in apparent valence during transpassive dissolution 

in nitrate and sulfate is the result of formation of an univalent copper 

compound, Cu2o. In chloride during transpassive dissolution the increase 

in apparent valence to a value greater tban one is due to the formation 

of cupric ions. 

(4) The limiting apparent valence independent of current density 

is a behavior typically found for metals used in ECM investigations. 

The high dissolution rates obtained for copper in the passive state is 

explained by active-passive oscillations occurring randomly on a large 

number of mosaic elements on the anode surface. Entrainment of solid 

particles of the passive layer in the moving solution exposes areas 

where anodic dissolution can occur. The comparison of calculated and 

actual passivation current densities show that at high current densities, 

the only way the anode products can be removed is by solid entrainment. 

In many of the runs where greater tban 50 amp/cm
2 

were used, the solids 

were produced at rates exceeding by 4-5 times, the rates at which they 

could have been removed in solution. The high metal removal rates 

achieved in ECM may occur during transpassi ve dissolution by a mechanism 

of entrainment of solid particles in the flowing solution. This was 

observed here. The sampling technique .used for x-ray analysis shows 

that the flow does carry s0lid particles away from the anode. 
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·Appendix A. Current Density Restriction 

The maximu.rn current density which can be applied at any given flow 

rate is limited by the occurrence of a spark discharge between the 

electrodes. For example in lN K2so4 at 50 em/sec and 686 em/sec, a 

spark discharge vlas visible at current densities greater than 22.2 

2 2 
a.mp/cm and 69 amp/em respectively. Visual observations indicated 

•:.'" spark discharge occurred initially in the hydrogen gas bubble 

J r:;yer adjacent to the cathode .. The sparks appeared blue, characteristic 

of hydrogen corona discharge. Spark discharge phenomena at platinu~ 

anodes and cathodes in aqueous media were reported by Kellogg. 98 Blue 

sparks were observed at the platinum cathode in Na2so4 or NaOH electro

lytes. · The electrode is covered by a gaseous envelope maintained by 

vaporization of the electrolyte and subsequent conduction through the 

gas phase is believed responsible for the spark discharge. For this 

mechanj_sm to be possible, electrode temperatures greater than the boil

ing point of the solution must exist. Kellogg's98 measurements of 

electrode temperatures proved that this is the case. An investigation 

of the luminescence near the copper anode was conducted by Saprykin. 99 

Using different electrolytes such as NaCl, HCl, KCl, KOH, and others, 

and an anode above the electrolyte surface, a spark discharge or a 

luminescence sphere could be formed. Cell voltages of the order 200-

400 v were necessary to obtain this effect. 

A detailed study of the upper limit of current densities attainable 

in our system was not pursued because of possible cell damage caused by 
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a spark discharge. The upper limit of current densities applicable 

for ECM is believed to be the value at which the boiling temperature 

of the electrolyte is exceeded. 100 
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Appendix B. Anode Surface Photomicrograph 

Photomicrographs of the copper anode surface were taken on a 

metallograph microscope after the weight-loss measurements. These 

observations did not allow us to arrive at any sharp conclusions as 

to the influence of operating parameters (i.e., current density, flow 

rate, electrolyte) on the surface finish. This section is included 

only to complete the description of experimental observations made in 

the high current density investigations. In Fig. 43-47, a selection 

of representative photographs are presented to shm; the typical surface 

finish after d:i.nsolution. In each of the following figures, the lowest 

current density at each flow rate corresponds to the anode appearance 

af'ter active dissolution; the remainder are photographs after trans:

passive dissolution. 

Figure 43 shows the surface appearance after anodic dissolution 

in 2N KN0
3

. The surface appears etched at the lower current densities. 

At higher current densities the surface became pitted and grooved in 

the direction of electrolyte flow. 

In acidified 2N KN0
3 

(Fig. 44) the surface appears etched at low 

current densities. At higher current densities pits are observed at 

random locations on the anode. 

Figure 45 shows the surface appearance following dissolution in lN 

K2so4. At 50 em/sec the anode appears etched whereas at the other two 

flow rates the surface appears matted after dissolution in the active 

state. In the current density region where the change from active to 

transpassive dissolution occurs, the anode appears very rough but 

brightly polished. This is shown in the second column of photographs 
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from the left hand side of Fig. 46. At higher current densities the 

surface appears matted except.at 686 em/sec where a pitted bright 

surface was observed at 66.6 amp/cm
2

• 

In lN H2so4 the anode surface appears brightly polished but pitted 

at 50 em/sec and 200 em/sec after dissolution in the active state. For 

a flow rate of 686 em/sec, an etched surface was obtained after active 

dissolution. These observations are shown in Fig. 46. In the current 

density range where the transition from active to transpassive dissolu-

tion occurs, the anode is rough but bright at the two lower flow rates. 

At 686 em/sec the anode is groo\~d in the electrolyte flow direction 

and brightly polished with pit randomly distributed over the surface. 

At higher current densities the surface is matted with a few pits 

present. 

Figure 47 shows the surface photomicrographs for copper dissolution 

in 2N KCL After active dissolution the surface appears matted at 50 

em/sec and 200 em/sec whereas a pitted bright surface is observed at 

686 em/sec. At higher current densities the surface becomes etched 

for a 50 em/sec flow rate. At 200 em/sec the anode becomes rough and 

pitted at intermediate current densities and etched at higher current 

densities. A pitted bright surface is obtained at 606 em/sec and 5.6 

2 
amp/em which corresponds to a current density near the active to trans-

passive transition. At increasing current densities up to 21.5 amp/cm2 

the surface becomes rough and urieven, and at higher current densities 

an etched surface is observed at 606 em/sec. 

At high current densities active dissolution results ih an etched 

surface whereas dissolution in the transpassive regime results in a 
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bright or pitted surface. 67 This -v1as previously found at lm-1 current 

densities. 89 Our results do not completely agree with this general 

observation. In some cases (lN H
2
so4 and 2N KCl) a bright pitted 

surface was found after active dissolution. A detailed study of the 

parameters influencing the surface finish obtainable at high current 

densities is necessary to further the understanding of the ECM process. 

A brief description of the progress in this direction was discussed in 

Section II. 
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Figure 45. Copper surface after anodic dissolution in lN K2so4. 
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Appendix c. Apparent Valence Theories 

The concept of apparent valence has been widely applied in the 

interpretation of the anodic behavior of metals. Most of this research 

is conducted under conditions of low current density and free convection 

mass transfer. Two theories are extensively used to explain the apparent 

valence measurements. These are (1) the anodic disintegration of metalsllO 

and (2) the uncommon valence or low valence state anodic dissolution.
110 

A discussion of these two theories is presented because of its mutual 

interest with our research. 

Table XII shows a listing of some metals which apparent valence 

measurements have been reported in the literature. The metals which 

are observed to undergo anodic disso;t.ution by mechanisms proposed by 

the two theories mentioned above are also noted in the last two columns 

on the right. It is interesting to note that both theories have been 

used to explain the apparent valence measurements of the same metal. 

The technique used to obtain an apparent valence is either by a 

weight-loss measurement of the anodic dissolving metal or by chemical 

analysis of the dissolved metal ions in solution. 
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Table XII. Apparent valence measurements of metals. 

Metal Valence states Uncommon valence Anodic disintegration 

re:eorted re:eorted re:eorted 

Aluminum +1, +3 Al+l (111,112,113) (120) yes 

Beryllium +1, +2 Be+l (114) 
yes 

(121,122) 

Cadmium +1, +2 Cd+l (115) 
yes 

(123) 

Gallium +1, +3 Ga+l (112) (124) 
yes 

Indiu.rn +1, +3 In+l (112) 
yes 

(125) 

Iron +2 
(126) 

yes 

Lead +1, +2, +4 Pb +1 (116) (128) 
yes 

Magnesium +1, +2 Mg+l(ll7,118) yes 
(127,129) 

Thallium +1 yes(130) 

Tin +1, +2 Sn+l(ll9) yes (131) 

Titanium +3, +4 
(132) 

yes 

Zinc +1, +2 Zn 
+1 (115) . 

yes 
(133,134,135) 

.. ~,; 
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1. Uncommon Valence Theory 

The apparent valence found for metals which are believed to have 

uncommon valence ions is usually non-integral but never less than one. 

In no case has the existence of an ion of lower valence other than the 

chemically stable state been unequivocably proved using the weight-loss 

measurement of the anode or chemical analysis of ions in solution to 

determine the apparent valence. 

Two experimental results are used to explain the existence of an 

uncommon valence. First, more metal is dissolved than is predicted by 

Faraday's law if one assumes the normal valence, and secondly the pres-

ence of reduction products of the electrolyte is due to reaction of the 

. 114 118 
uncommon valence 10ns. ' 

110 
A simple mechanism has been proposed to explain the above results 

in terms of an uncommon valence ion. Assume that a metal dissolves in 

the first step as an unipositi ve ion. This cation is very unstable and 

++ 
can undergo further oxidation to the familiar dipositive (example, Mg 

or Zn++) or tripositive (example, Al+3 or Ga.+3 ) valence state by two 

different reaction paths. The possible reactions are, further oxidation 

at the anode to form the stable cation, or chemical oxidation by a. 

constituent in solution which does not involve the passage of electrons 

across the anode/solution interface. If both processes occurred to a. 

certain degree then the measured valence would be greater than one but 

less than the familiar valence state. The uncommon valence ion is 

considered a strong reducing agent which can react with the water or an 

.d. . t . 118 d 1 . lll f ox1 1z1ng agen present in solution. Magnes1um an a um1nu.rn orm 
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+ + Mg and Al which are strong enough reducing agents to react with water. 

(28) 

The reaction·can explain the experimentally detected hydrogen gas found 

in the anode compartment of a cell with separate anode and cathode 

111,118 
components. For unipositive cations which are not as strong a 

+ + reducing agent as Al or Mg , an oxidizing agent must be present or 

else the apparent valence corresponding to the familiar valence state 

is measured. Zinc, 115 cadmium/15 and tinll9 anodically dissolve in 

solution containing an oxidizing agent such as nitrate or chlorates 

exhibit an apparent valence less than two, whereas in a solution con-

taining no oxidizing agents, the apparent valence is two. For example, 

zinc reacts according to the following reaction: 

(30) 

The concentration of chloride detected in solution is consistent with 

the stoichiometric amount according to this reaction. 

The uncommon valence hypothesis has not met with unanimous approval 

and resulted in the formulation of other mechanisms to explain the 

. 136 apparent valence results. 
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2. Anodic Disintegration Theory 

Straumanis and co-workers136 have proposed in a series of papers 

the hypothesis that partial disintegration of the anode during dissolu-

tion may explain the non-integral apparent valence. In other words, 

small metallic particles may be dislodged during dissolution and fall 

off the anode causing a larger weight loss than if only an electro-

chemical reaction occurred. The metal particles can subsequently react 

in solution to form stable ions. This mechanism of removal of solid 

II 137 
particles has also been called the "chunk effect. 

The presence of fine metallic particles have been verified by 

isolation from solution, observed using a microscope with an oil 

immersion objective, and by x-ray diffraction techniques. Particle 

sizes of the order 10-5 mm in diameter were observed using an oil 

. . ,. 120 124 125 127 130 135 
immerslon technlque. ' ' ' ' ' 

The reasons for the anodic disintegration of metals is not fully 

understood. Apparent valence measurements depend on current density, 

temperature, nature and concentration of the electrolyte. 135 It is also 

suggested that the structural properties of the metal are responsible 

for this process. Impurities, dislocations,vacancies and other 

structurally imperfect locations may be places where disintegration 

occurs. A qualitative interpretation which assumes that grain boundaries 

dissolve faster than the grains themselves leading to disengagement of 

metal particles was proposed by Menzies and Averill132 for the anodic 

dissolution of titanium. Experiments on the anodic dissolution of 

polycrystal and single crystal zinc resulted in the same apparent 
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1 133,135 va ence. The presence of grain boundaries was seen to be of 

little influence here. 133 The existence of a protective oxide film 

covering the anode was suggested at being responsible for anodic dis-

integration. At places where the film is thinner, the current density 

is higher and the dissolution will occur at a faster rate. This 1>/ill 

lead to undermining of areas where the film is thicker and dissolution 

slower. Eventually the small metal particles are separated from the 

bulk metal by this continual undermining process. The porosity and 

adherence of the oxide to the anode surface was found to alter the 

degree of anodic disintegration. 

The current density was found to influence the relative amount of 

disintegration. For titanium
132 

the amount of disintegration was 

inversely proportional to current density, and for thallium13~ percent 

disintegration increased with current density to a maximum and then 

decreased at higher current densities. 

I, 

I 
II 
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