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CRYSTALLOGRAPHIC FACTORS IN HIGH-RATE ANODIC DISSOLUTION OF COPPER 

* D. Landolt, R. H. Muller and C. W. Tobias 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
and Department of Cherriical Engineering ,Uni versi ty of California, 

Berkeley,California 94720 . 

. Abstract 

Surface textures resulting from the anodic dissolution of poly-

2 crystalline and single crystal copper at 50 A/cm in 2 M KN0
3 

have been 

studied. Electrolyte flow velocities of 2500 and 400 cm/sec have been 

used for dissolution in the active and transpassive mode. Results ob-

tainedby light and electron microscopy show that surface topography 

resulting from active dissolution depends on crystal orientation. Flow 

streaks appear in transpassive dissolution. Transpassive pitting was 

observed in polycrystalline samples only. 

* School of Engineering and Applied Science, Uni versi tyof California, 
Los Angeles, Calif. 90024. . 
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An important problem in the process of electrochemical machining is 

the control of the resulting surface finish. In previous studies of high 

rate anodic metal dissolution (1-3) ,it has been shown that the surface 

" 

finish resulting from theanodie dissolution of copper ina given elec-

trolyte depends both on flow velocity and current density. The micrographs 

shOvTn in Fig. 1 exhibit a transition from etching to polishing dis$olution 

along a line running approXimately from the upper left to the lower right 

of the array. Below this line, the surface appears etched and dull; above 

it,smooth and bright, with pits increasing in prominence with the 

separation from the transition region. The transition in surface finish 

coincides with the transition from a low voltage dissolution mode, which 

we have termed active, to a high voltage mode, which we call 

transpassive. It is to be expected that structural 

factors of the anode material also affect the resulting surface 

finish; In the present study, the surface topography resulting from the 

high-rate anodic dissolution of copper specimens has been investigated 

under active and transpassive dissolution conditions in 2 molar potassium 

nitrate solution.' Poly crystalline samples of variable grain size and 

single crystals of different orientation ha.ve been used. 

Experimental 

The flow system and the electrical circuit employed have been 

described, before. l Two flow rates have been employed, 2500 cm/sec for 

dissolution in the active mode and 400 cm/sec for dissolution in the 

passive mode. 
2 

Electrolysis was conducted at constant current of 50 A/em 

with astainJc:·:;s f,teel cathode of 3 mm diamet~r positioned 0.5 m!n from 

/ 
2 

the anode. During each experiment, a charge of 25 coulombs cm was 
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passed, which corresponds to an average dissolution depth of 10 

microns. 

Round anodes of 1.5 mm diameter and 45 mm length, embedded in 

c.ylindrical polypropylene holders of 5 mm diameter were used. They were 

prepared from 99999 copper rod (Comincon Cl., Spokane, Wash.). Polycrys

talline specimens were used as received, or annealed (17500 F, 4 hrs. in 

argon, after 7.5% diameter reduction). Single 

crystals were grown from the same material in induction-heated graphite 

molds ,using spherical seed crystals. . The surfaces of the embedded 

electrodes were gen~ly polished over extended periods (6-30 hrs.) with 

1 and 0.5 micron chromium oxide abrasive. Structural damage due to this 

treatment was sufficiently shallow as not to be visible in the x-ray 

diffraction pattern of single crystals. In order to put a limit on the 

depth b:f lattice damage expected to be still present on the surface 

(wi thout affecting the x-ra;y- diffraction pattern), experiments were 

performed to determine the thickness of distorted copper necessary to 

obliterate the diffraction from an underlying single crystal. Cold-

rolled copper foils of different thicknesses were attached to the surface of 

a (100) oriented crystal. No discernible diffraction pattern was 

obtained with a 10 micron thick foil and a greatly attenuated one 

resulted from 5 microns, independent of the closeness of contact of the 

copper foil. These results indicate that surface damage due to polishing, extended 

to a depth of much less than 5 microns, and the anodic dissolution indeed 

proceeded into the Undisturbed crystal. The smoothness and flatness 

of the polished electrode surface was asserted by interference microscopy. 

[.-
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Deviation from flatness over the entire surface was usually less than 

2 microns as illustrated in Fig. 2. Residual polishing marks were 

at most 0.05 micron deep (Fig. 3). 

Before use, the electrodes were cleaned with acetone and detergent 

and subjected to cathodic hydrogen evolution in 1M NaOH (100 mA/cm
2

, 

3 min.). After the dissolution experiment, the electrodes were immediately 

removed from the flow channel cell, rinsed with distilled water and dried 

with acetone. Without delay, they were examined by optical microscopy 

and interference microscopy. From some surfaces, plastic-carbon replicas 

were prepared for transmission electron microscopy, others were examined 

in the scanning electron microscope. 

Active Dissolution 

Fig. 4 shows the s~.;face of an annealed polycrystalline electrode 
~ .. :"i· 
"~": \": 

after dissolution in the active mode. The exhibition of individual grains, 

similar to chemical etching, suggest that anodic attack depends on 

crystallographic orientation. The same surface viewed at higher magni-

fication (Fig. 5) demonstrates that the different appearance of grains is 

due to the development of ridges and shallow etch pits, whose orientation 

and shape vary among adjacent grains. Still higher magnification reveals 

that ridges and etch pits are composed of submicroscopic steps (Fig. 6). 

These observations are similar to those reported from electrocrystallization 

and vaporization studies. They can be related to the mechanism of removal 

of atoms from the crystal lattice which can be described by the movement 

of atomic ledges across close packed lattice planes. 

In order to investigate the effect of crystal orientation, experiments 

were also carried out with single crystal electrodes. Contrary to the 

II" 
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polycrystals which exhibi ted a dull appearance after active dissolution, 

single crystal surfaces of low index orientation remained bright without 

visible etching. This difference is illustrated in Fig. 7 which may be 

compared to Fig. 5 taken at the same magnification. The (110) face 

employed in Fig. 7 shows surface texture at the limit of optical resolution. 

On the (100) face, only the electron microscope revealed shallow crystal-

lographic etch patterns and even at that resolution, the (111) face "Tas 

almost featureless, as shown in Fig. 8. These results seem to support 

a dissolution mechanism involving the motion of monatomic ledges on 
. .. 6 

tightly packed lattice. planes. These observations are also consistent 

with those of Hulett and Young7 who found the formation of etch pits on 

(111) copper faces in Hel at low current densities only after the 

addition of HBr which acted 'as a poison for ledge motion. No such 

poisoning appears to have occurred under the present dissolution conditions. 

According to the ledge motion mechanism, dissolution starting with a high 

index crystal plane, (comparable to the random orientation of grains in 

polycrystalline material) is. expected to result in a faceted-surface. 

Such facets have been observed on several randomly oriented crystals. A 

typical ~xample is shown in Fig. 9. This surface texture is similar to 

the one reported for iron cathodically deposited at high (150-200 mY) 

8 overvoltage. The surface textures resulting from active dissolution 

indicate that dissolution at very high rates does not proceed by a 

basically di fferent mechanism from that at low rates, provided that 

removalqf reaction products from the surface by convective diffusion and 

migration is sufficiently fast. 

." 
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Transpassive DiSsolution 

Fig. 10 illustrates a polycrystalline surface after transpassive 

dissolution. In contrast to the appearance of the, same specimen after 

active dissolution (Fig. 4), the surface now is bright and differences 
., 

between individual grains are barely discernible at the optical level 

of resolution. A large number of round, deep pits, some arranged in 

rows, is distributed over the surface . Streaks in the flow direction, 

due toa waviness of the surface, extend from the leading edge over most 

of the specimen. Bright and pitted surfaces,resulting from dissolution 

in the presence of an anodic passivating layer,have also been reported 

for electropolishing at much lower current densities. 9 Brightness is 

,due to a greatly reduced micro-roughness, and the even attack on 

differently oriented grains has been explained by the equalizing effect 

10 
of an oxide layer. At much higher resolution ,differences in 

surface texture between neighboring grains occasionally become visible. The 

electron micrograph, ~ig. 11, illustrates one of the most pronounced 

microtextures observed after transpassi ve dissolution. Compared to the 

surface resulting from active dissolution shown in Fig. 6 at the same 
I I 

magnification, the roughness is an order of magnitude lower. 
, 

The difference in microtexture between active and transpassive 

dissolution is particularly pronounced with a randomly oriented single 

crystal. The electron micrographs in Fig.12 illustrate this situation 

for a surface oriented ioo off the (110) plane. Interestingly enough, no pitting 

has been observed on any of the single crystals studied. Flow streaks 

appeared on single crystals in transpassi ve dissolution similar to the 

ones observed on polycrystalline specimen. The interferogram, Fig. 13, 

I'l' II' 
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shows the associated macroscopic waviness of the surface. TYpically 

these profiles are 0.1 mm wide, a few microns deep, and become shallower and 

wider downstream. Flow streaks observed under technical ECM conditions have 

been attributed to cavitation effects. In the present study, flow 

streaks have not been observed in active dissolution, where cavitation 

is more likely, due to the higher flow rates. (2500 cm/sec active, 400 

cm/sec transpassive). 

.. 
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Conclusions 

1. The present study shows that crystallographic factors influence the 

surface texture resulting from high-rate anodic dissolution of 

copper in the active mode. Transpassive dissolution proceeds in the 

presence of anodic layers,which diminish the effect of crystal 

orientation and lead to brightening. 

2. In the active mode, submicroscopic facets lead to the development 

of ridges,which give the surface an etched appearance. This appear

ance depends on crystallographic orientation and results in a 

differentiation between grains in polycrystalline material. Active 

dissolution of· (100) and (Ill) faces has not resulted in the formation 

of facets. These observations are in agreement with a dissolution 

mechanism based on the motion of atomic ledges on tightly packed 

latti ce planes. 

3. Flow streaks are associated with transpassi ve dissolution, while the 

surface resulting from active dissolution is independent of flow 

direction. 

4. Transpassi ve pitting is linked to met.allurgicalfactors not present 

in the single crystals studied. 

Acknowledgment: The authors wish to thank Mr. W. T. Giba for the 

preparation of electron microscope replica and other valuable assistance 

in this investigation.- This work was conducted under the auspices of the 

U. S. Atomic Energy Commission. 
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. Figure·· Captions 

Fig. 1. Polycrystalline copper surfaces after dissolution in 2 M KN0
3 

at different current densities and flow velocities. Optical 

micrographs. 

Fig. 2. Low power interference microgr;aph of polished copper single. 

crystal electrode surface 10° off (110) orientation. Maximum 

deviation from flatness, 2 microns. 

Fig. 3. High power interference micrograph of polished copper single 

crystal electrode surface 10° off (110) orientation. Maximum 
, 

depth of residual polishing marks 0.05 microns. 

Fig. 4. Differentiation of grains in annealed polycrystalline copper 

after active dissolution. Optical micrograph; 

Fig. 5. Ridges and etch pits on different grains after active dissolution. 

Same specimen as in Fig. 4. 

Fig. 6. Submicroscopic steps in a grain of polycrystalline copper after 

active dissolution. Electron micrograph of two-stage carbon 

replica. Diameter of latex spheres 0.5 micron. 

Fig. 7. (110) single crystal surface with barely visible texture after 

active dissolution. Optical micrograph. 

Fig. 8. Smooth copper (Ill) surface after active dissolution. Latex 

sphere of 0.53 11 diameter provides scale for direction and 

length of shadows. Electron micrograph of two-stage carbon 

replica. 

Fig. 9. Copper single crystal surface, oriented 10° off (110) direction 

after active dissolution. Scanning 

electron micrograph, tilted 30°. 
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Fig. 10. ,Bright, pitted surface with flow streaks. Annealed polycrystalline 

copper after transpassive dissolution. Optical micrograph. FIOlf 

direction from lower left to upper right. 

-' 
Fig. 11. SUrface texture of, neighboring'grains of annealed, fine grain 

, polycrystalline copper after transpassive dissolution. Electron 

micrograph of two-stage carbon replica. 

Fig. 12. r-iicrotexture of copper single crystal oriented 10° off (110) 

(a) after active dissolution, (b) after transpassive dissolution, 

same magnification. Electron micrographs of two-stage carbon 

replicas, diameter of latex spheres 0.53 micron. 

Fig. 13. Flow streaks resulting from transpassive dissolution of (100) 

single crystal-face. lnterference,micrograph. Flow direction 

, from left to right. 
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COPPER DISSOLUTION IN 2N KN03 AT CONSTANT CURRENT 
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Fig. 1. 
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XBB709- 3975A 

Fig . 2 . 
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XBB709- 3976A 

Fig. 3 . 
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XBB709- 3964A 

Fig. 4. 
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XBB709-3974A 

Fig . 5. 
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XBB709-4045 

Fig. 6. 
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XBB709-3965A 

Fig. 7. 
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XBB709-4043 

Fig . 8 . 
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XBB'709-4046 

Fig . 9 . 
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XBB709- 3963A 

Fig . 10 . 
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XBB709-4044 

Fig. 11. 
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XBB709- 4175 

Fig. 12. 
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XBB702- 962A 

Fig. 13 . 
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